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ABSTRACT
Examination of data collected monthly from over 70 stations in the 
James, York, and Rappahannock rivers showed that dissolved silica 
exhibits two distinct longitudinal distributions in these estuaries 
during the year. In the first, dissolved silica behaves conservatively; 
high concentrations entering in river flow (3-5 mg/1) are diluted by 
seawater deficient in dissolved silica (<0.02 mg/1). Conservative di­
lution was observed during winter or when river discharge was high. The 
second distribution occurs when uptake of dissolved silica by planktonic 
diatoms reduces concentrations below the levels attributable to dilution 
by seawater. As the spring growing season progresses, high concentra­
tions entering in river flow become depleted to nearly undetectable 
levels in the tidal freshwater reaches just upstream of the limit of 
salt intrusion. In the Rappahannock, the silica depleted region was 
shown to contain a high standing crop of diatoms which occur at densi­
ties approaching bloom conditions and persist throughout the summer. 
Diatoms were not enumerated from the James and York samples, but a 
distinct chlorophyll ’a1 peak (25-40 ug/1) was observed in the same 
freshwater zone where dissolved silica was exhausted. In all cases, the 
removal of dissolved silica in the region of the diatom maximum repre­
sented more than a 98.5% reduction of the inflowing riverine concen­
tration.
At the same time that the riverine source is depleted by the dia­
toms in the freshwater reaches, dissolved silica is being resupplied to 
the water column in the saline portion of the estuaries. This resupply 
is shown to be significant, nearly equal to the amount of dissolved 
silica entering the estuary from river input. Further downstream, the 
resupplied dissolved silica is diluted conservatively by seawater 
towards the mouth.
An alkaline hydrolysis technique which selectively measures only 
the diatomaceous forms of particulate silica in water samples was used 
to account for the uptake of dissolved silica by the phytoplankton. The 
measurements strongly correlate with diatom abundances, but interferenc­
es with the measurements due to mineral silicates suspended in the water 
column remain unknown. Comparisons of the concentrations of particulate 
silica with the number of diatom cells present in the samples indicate 
that there is a surplus of diatomaceous silica in the same region of the 
estuary where dissolved silica is replenished to the water column. This 
suggests that fragmented cells which are not recognized under the micro­
scope but detected by the sodium carbonate hydrolysis technique are 
present. Their dissolution may be the source of replenished dissolved 
silica in the saline segment of the estuary.
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THE DISTRIBUTION OF DISSOLVED SILICA AND PARTICULATE 
BIOGENIC SILICA IN THE JAMES, YORK, AND 
RAPPAHANNOCK ESTUARIES, VIRGINIA
INTRODUCTION
Silicon is second to oxygen in abundance in the earth*s crust, 
occuring as metal silicates and silicon dioxides. At the pH of natural 
waters, silica occurs in solution in one form; orthosilicic acid, 
Si(OH)^. The weathering of silicate minerals on the continental 
masses is a constant source of dissolved silica to the aquatic environ­
ment. Dissolved silica and silicate mineral particles reach the sea via 
riverine transport of runoff into coastal estuaries.
Silicon and Diatoms
Diatoms require silicon to construct their frustules, and numerous 
experiments have demonstrated the growth limiting effect of low levels 
of dissolved silica on a variety of planktonic species. The fact that 
diatoms have a positive requirement for silicon while most other forms 
of algae do not lends special significance to the study of silicon 
cycling in natural waters; a lack of available silicon (as dissolved 
silica) could select against the diatoms and therefore contribute to a 
decline in their productivity and total abundance. Diatom populations 
are the usual food for grazing zooplankton and filter feeding fishes and 
contribute directly to the abundance of important fisheries in temperate 
estuarine and coastal waters. Officer and Ryther (1980) cite several 
marine and freshwater examples in which extremely low concentrations of
2
3dissolved silica correspond with a change in the phytoplankton popu­
lation from a diatom to a non-diatom based community. Enrichment of 
nitrogen and phosphorus relative to silicon by wastewater inputs has 
resulted in silicon limited phytoplankton communities in Lake Michigan 
(Schelske and Stoermer, 1971; Ryther and Officer, 1981). Flagellates, 
which are usually dominant following spring diatom blooms, are generally 
more abundant in eutrophic waters.
Margalef (1962) first described three clear stages of phytoplankton 
succession which were summarized recently by Davis (1982) as follows: In 
Stage I, rapid growth of small-celled diatoms achieves maximum cell 
concentrations, commonly referred to as the bloom or 1 flowering1 stage. 
Stage II follows, which is characterized by the development of larger 
celled, slow growing diatoms and many dinoflagellates. In Stage III 
there is a lack of diatoms and the presence of a diverse array of small- 
celled dinoflagellates. This final population is less dense than the 
initial diatom bloom (Stage I) but, if conditions are suitable, a large 
bloom of dinoflagellates or rred tide1 will develop.
Among all of the relationships which researchers have investigated 
between chemical nutrition, productivity and succession, the relation 
between silicon and diatoms is one of the most readily apparent (Wetzel,
1975). In culture experiments using dissolved silica as the limiting 
nutrient, half-saturation constants (Ks) have been established in the 
range of 0.01 - 0.14 mg Si/1 (Guillard et^  al., 1973; Paasche, 1973; 
Thomas and Dodson, 1975; Conway et al., 1976; and Tilman, 1977). More 
recent thought regarding nutrient limitation in phytoplankton suggest
4that temperature, light, and previous exposure to nutrient supply all 
influence the response of a phytoplankton population to ambient nutrient 
concentration (Demers and Legendre, 1982). For example, Tilman et al. 
(1981) developed a model based on the different dissolved silica re­
quirements of.cultures grown under varying temperatures, and then 
demonstrated how the effect of increasing temperature in the culture 
vessel caused a succesion in dominance from one species to the other.
In enclosed macrocosm experiments in which populations are cultured 
suspended in the water column, Davis (1982) and Takahashi, et al. (1982) 
demonstrated a change from Stage I to Stage II populations corresponding 
to dissolved silica concentrations approaching limiting levels.
Field evidence also suggests a coupling between dissolved silica 
concentrations and phytoplankton succession. In freshwater lakes and 
ponds, the coincidence between a decline in the diatom biomass and 
dissolved silica exhaustion is well documented, but rarely has the 
correlation been attempted in the marine environment (Officer and 
Ryther, 1980). Pratt (1965) observed the spring diatom maximum corres­
ponding to a dissolved silica minimum in Narragansett Bay during three 
successive years, and also found that the total biomass of each year's 
bloom was related to the dissolved silica concentrations during the 
preceeding winter. In the Sargasso Sea, a species of coccolithophorid 
is the dominant phytoplankter except during a two week period when 
spring overturn enriches the surface layer normally deplete of silica, 
and a dramatic diatom bloom occurs (Officer and Ryther, 1980).
5Silicon in Estuaries
Early surveys of dissolved silica in estuaries were conducted by 
geochemists concerned with whether silicon behaved conservatively or 
non-conservatively during mixing in the estuary (eg. Maeda, 1952; 
Makimoto et al., 1955; Bien £t al. 1958; Burton et al. 1970; Wollast and 
DeBroeu, 1971; and Fanning and Pilson 1973). It had long been thought 
that silicon might be removed from river water as it mixes with seawater 
in the estuary since the concentrations of dissolved silica in rivers 
are generally two orders of magnitude greater than in the oceans (Liss, 
1976). Permanent removal in the estuarine zone would be a very import­
ant process affecting the current models of the oceanic budget of 
silicon (cf. Broecker, 1974). Very little biological information was 
collected concurrent to these surveys and, since some of the estuaries 
appeared to behave as a sink for dissolved silica during periods of low 
biological activity (e.g. winter), removal was generally attributed to 
abiological mechanisms. Among the mechanisms proposed are sorption onto 
suspended clays (Liss 1976; Aston, 1980), and flocculation with river- 
borne humic material at the freshwater/seawater interface (Sholkovitz,
1976).
Perhaps the most comprehensive set of dissolved silica data collec­
ted in an estuary is that of Peterson e_t al. (1975) from the San Fran- 
sisco Bay. As in virtually all estuaries, the primary source of 
dissolved silica was the river inflow, with dilution by ocean water 
causing a gradient in concentration in which dissolved silica was 
inversely related to saliniy. Low dissolved silica was associated with 
periods of high chlorophyll ’a1 concentrations, suggesting biological
6uptake as the removal process. Peterson pointed out, however, that if 
riverflow was high enough, removal of dissolved silica could not be 
observed regardless of the uptake rate, since supply was great and the 
residence time for water in the estuary reduced. At no time was 
dissolved silica exhausted to growth limiting concentrations. In the 
eastern United States, where dissolved silica concentrations in river 
water are also lower than in west coast rivers, silica exhaustion during 
blooms has been observed in the more enriched estuaries, such as the 
Narragansett Bay (Pratt, 1965), Hudson estuary (Malone, 1977), and 
Potomac River (Peterson, 1980). The few published estuarine surveys 
indicate that the sources and sinks of silicon are likely to vary from 
estuary to estuary due to variations in river input, residence time, and 
available N and P (Fanning and Pilson, 1973). For example, regeneration 
of diatomaceous silica is thought to be an insignificant source in San 
Fransisco Bay, while budget calculations in lakes indicate that nearly 
95% of the total dissolved silica incorporated into frustules is 
redissolved annually (cf. Conway, et_ al., 1977).
The following nutrition-succession model was recently suggested by 
Officer and Ryther (1980): nitrogen and phosphorus become partitioned 
from silicon during the deposition of silica in frustrules; regeneration 
of silicon by dissolution is about ten times slower than for N and P, 
which are rapidly resupplied to the water column; silicon becomes 
temporarily exhausted, while nitrogen and phosphorus remain available 
for use by other algae. In addition, they suggest that silicon plays 
an increasingly important role over the course of cultural eutrophica- 
tion, since nitrogen and phosphorus are enriched in wastewater relative
to silicon and the increased phytoplankton biomass places a greater and 
greater demand on the dissolved silica supply, eventually selecting 
against the diatoms. Evidence in support of this hypothesis is pro­
vided by Schelske and Stoermer (1971), who reported that the average 
dissolved silica concentrations in the enriched waters of Lake Michigan 
are now 2.5 mg/1 compaired to 5.5 mg/1 measured during the 1940’s.
In light of the apparent importance of dissolved silica as an 
essential nutrient to the diatoms, it is surprising that there are no 
published data describing dissolved silica in Virginia’s major estuarine 
river systems. Phytoplankton periodicity in the lower York River has 
been studied by Mulford (1962), Patten (1963), Fournier (1966) and Manzi 
(1973) who all reported diatom dominated blooms during the spring fol­
lowed by abundant microflagellates during summer. Diatoms reoccur but 
in lesser abundance in the early fall, a pattern confirmed in the brac­
kish portions of the James by the recent work of Jordan et al_. (1980). 
These investigators did not describe the phytoplankton above the limit 
of salinity intrusion in the study area. Chlorophyll measurements by 
Brehmer (1972) indicate a maximum abundance of the phytoplankton corres­
ponding to the turbidity maximum near the freshwater/saltwater interface 
in the James, York, and Rappahannock estuaries.
Preliminary samples taken during the summer of 1980 indicate some 
rather striking distributions of dissolved silica in transect from the 
mouth to the freshwater reaches of the James and Rappahannock (Figure 
1). Concentrations were highest in the riverine inflow, around 4-5 
mg/1, and low at the mouth, around 0.05 mg/1 as expected for seawater.
8Figure 1. The longitudinal distribution of dissolved silica and 
salinity in the James and Rappahannock estuaries, August 
and September 1980.
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However, in the tidal freshwater portion of the estuaries there was a 
dramatic decrease in dissolved silica concentration to very low levels 
(eg. km 100 in the Rappahannock). This decrease was regular in both 
estuaries, occurring during both months in 1980, just upstream of the 
limit of salinity intrusion. Because it occurs in the freshwater 
region, the decline in concentration cannot be attributed to dilution by 
seawater. An objective of the present work was to determine whether the 
removal of riverine silica is due to uptake by diatoms, or by some 
abiotic process where silica is removed from solution by sorption onto 
clays or by chemical precipitation. The low levels occuring in this 
region of the estuaries are well within the range reported to limit 
diatom growth.
Measurements of Silicon in Natural Waters
The silicomolybdate method for measuring dissolved silica in nat­
ural waters was first suggested by Jolles and Neurath in 1878 
(Strickland, 1952) and was further refined most recently by Strickland 
and Parsons (1972). Alexander (1953) determined that the method measured 
only monomeric and low molecular weight polymers of silicic acid 
(H4Si04), with organically bound and polymeric forms being unreactive. 
Lewin (1962) first established that silicic acid was used by the diatoms 
as a silicon source, and the findings of Goering (1974) and Goering t^_ 
al. (-1973) suggest that only a few species of diatoms can use forms of 
silicon other than the monomeric and low molecular weight silicic acids. 
It is therefore fairly well recognized that the molybdate method is a 
reliable measure of the amount of silicon which is readly available for 
uptake by diatoms (Strickland and Parsons, 1972). The silicon measured
11
in filtered water samples by this method is often termed 1 reactive 
silica1. Burton et _al. (1970) used a digestion method to'show that over 
95% of the total dissolved silicon in fresh, brackish, and marine 
samples was in the molybdate reactive form. Thus the current model of 
biogenic silicon cycling in natural waters is simple relative to nitro­
gen or phosphorus; silicon is either present as dissolved 'reactive* 
silica, readily available for uptake by the diatoms, or as particulate 
amorphous silica, already incorporated in diatom frustules. Organically 
bound silicates constitute an insignificant fraction of the total amount 
of silicon present in the water column (Aston, 1980). The experiments 
of Lewin (1961), Hurd and Theyer (1975), and Willey (1980) all suggest 
that regeneration of biogenic silica occurs by dissolution of frustules 
directly into reactive silica, a slow process having no significant 
biological intermediary. Dissolution of diatoms is thought to occur both 
in the water column and in the sediments, depending upon the physical 
characteristics of the system (Parker, et al., 1977).
The amount of total particulate silicon in water includes quartz 
and other suspended mineral particles containing silica in addition to 
the biogenic silica in diatom frustules. In order to account for the 
uptake of dissolved silica and subsequent deposition into frustrules, it 
is essential to know the proportion of the total particulate silica in 
the water column originating from the diatoms. Several nonstandard 
methods have been reported that take advantage of the more rapid dis­
solution of diatomaceous silica as compaired to quartz and other mineral 
silicates. The technique involves digesting samples in dilute sodium 
carbonate, and then measuring the resulting dissolved silica by colori-
12
metric analysis. This method has been shown to be free of interference 
by mineral silicates in applications in Lake Michigan (Conway, et al.;
1977) and in the Oslofjord (Paasche £t aJ., 1980).
Study Plan
The present study was undertaken to further determine the extent to 
which dissolved silica is apparently used by the diatoms in the James, 
York, and Rappahannock estuaries, and to identify the important proces­
ses taking place which result in the observed distributions. Since the 
function and importance of silicon cycling in these estuaries is 
virtually unknown, the approach to sampling was to cover a large geo­
graphical area (several river systems) over the course of an annual 
cycle to determine whether commonalities were present. Samples were 
collected in each system in transects from the mouth into the freshwater 
portion in order to characterize the riverine supply, and to character­
ize the processes occuring in the freshwater region. Diatoms were 
counted in samples from the Rappahannock in order to relate their abun­
dance with silicon availability. The sodium carbonate hydrolysis method 
for measuring particulate biogenic silica was used to account for the 
removal of dissolved silica by diatoms and the results were compared to 
those expected from the diatom counts. The specific objectives of the 
study were as follows:
1. To define the spatial and temporal availability of silicon (as dis­
solved silica) in Virginia*s major estuarine rivers (James, York, 
Rappahannock).
13
2. To identify the important processes (e.g. dilution, biological 
uptake, abiotic reactions) which produce the observed dissolved 
silica distributions.
3. To determine if low levels of dissolved silica have a growth 
limiting influence on the diatoms, and to compare silicon availa­
bility in the three estuaries taking account of the different levels 
of nitrogen and phosphorus enrichment among them.
4. To accomplish 2 and 3 above using a recently developed method for 
measuring particulate biogenic silica in water samples, and to 
examine the usefulness of this parameter as a measure of diatom 
abundance.
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METHODS AND MATERIALS
1. Field Sampling
Water samples were obtained monthly from stations established at 
ca. 10-15 km intervals, extending from the mouth to the fall line in 
each of the three estuaries. The stations in each river are located in 
the navigational channels (Figures 2-4). Sampling began at the mouth at 
the time of low tide slack current, proceeding upstream and sampling 
within roughly 30 minutes of the anticipated slack current for each 
station location (as calculated by Matthews and Kuo, unpublished data). 
The interval between sampling each river was approximately four weeks, 
beginning in February and ending in October 1981.
Water was drawn from lm below the surface and lm above the bottom 
using a pump sampling apparatus. The samples were collected in clean 
polyethylene containers and stored on ice until returned to the labora­
tory. Samples requiring filtering were processed within 24 hours of 
collection. Special samples for particulate silica analysis and diatom 
enumeration were collected at selected stations on the Rappahannock. In 
addition, salinity, dissolved oxygen, and temperature were measured in 
situ at lm depth intervals at each station.
The sampling procedures described above are part of the routine
14
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Figure 2. Sampling stations (km) on the tidal Rappahannock.
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Figure 3. Sampling stations (km) on the tidal James
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Figure 4. Sampling stations (km) on the tidal York.
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sampling program conducted monthly on each river by the Dept, of 
Physical Oceanography and Environmental Engineering. Under this 
'slackwater* program, water samples were analyzed for chlorophyll fa', 
B0D5, and dissolved and total nitrogen and phosphorus parameters by the 
Nutrient Analysis Laboratory at VIMS using the procedures outlined in 
Methods for the Chemical Analysis of Water and Wastes (U.S. EPA, 1979). 
Suspended solids measurements were made on samples from the Rappahannock 
only. The procedure used was also from the above manual. All laboratory 
analyses of dissolved and particulate silica and enumerations of diatoms 
were conducted by the author.
2. Laboratory Methods
Dissolved silica - Samples for dissolved silica determination were 
filtered under vacuum through prewashed 0.45y cellulose filters (Gelman 
Metricel No. GA-6) using a plastic Millipore apparatus. The filtrate was 
analyzed by the molybdate blue method of Strickland and Parsons (1972) 
which was modified for the Technicon AutoAnalyzer II (Technicon Indus­
trial Method #186- 72W, 1973). The detection limit was 0.028 mg/1 with a 
reported precision of ±0.005 mg/1 in the 1 - 5  mg/1 range. Duplicate 
analyses for precision control and analysis of standards to check in­
strument drift were run each tenth sample. Blank filtrations were run 
initially to check for possible silica contamination from the 0.45 y 
filters. Samples were stored at 4°C for no longer than 28 days 
between filtering and analysis.
Particulate silica - Particulate silica analyses were performed on 
material collected on filters, using the sodium carbonate digestion
26
procedure described by Conway et al. (1977). A 100 ml aliquot of sample 
was quantitatively transferred to a filtering apparatus and drawn 
through a 0.45y cellulose filter (same as above). The filter was then 
transferred to a 50 ml polyethylene centrifuge tube and frozen until the 
digestion step. A solution of 0.5% Na2C03 was made fresh 
immediately prior to digestion and 30 ml was added to the tube, covering 
the filter. Samples were digested for 2.5 hours at 85°C using a 
hot water bath. After cooling, the digestate was refiltered and diluted 
to an exact 50 ml volume. This filtrate was then analyzed using the 
colorimetric procedure for dissolved silica as described above.
Blank filtrations of 100 ml of distilled deionized water were 
digested in order to determine possible interferences that might be 
introduced by the filters as was reported by Paasche (1980b). The 
result of seven blanks yielded average background concentrations of 
0.061 mg/1 Si (s.d.=0.001). This amount was subtracted from all 
particulate silica measurements. Repeated digestion of the filters with 
fresh reagent after the initial 2.5 hour digestion yielded no additional 
dissolved silica from the filters. Seven replicate filtrations of the 
same sample were collected and analyzed to initially determine the 
precision of the method. 10% of the samples collected were filtered in 
duplicate to allow calculations of the precision of the method during 
the course of the sampling period.
Diatom enumeration - Samples analyzed for particulate silica were also 
counted to determine the abundance of diatoms. Subsamples were preserv­
ed by adding 1% by volume acid Lugol's solution (UNESCO, 1974) and
27
stored in polyethylene bottles at room temperature in the dark. The 
material was then concentrated by centrifuging 10 ml at 200g for 20 
minutes, and decanting the supernatant to achieve a final volume of 1 
ml. From this, a 0.1 ml aliquot was mounted in a Palmer-Maloney counting 
chamber and viewed under a compound microscope (without phase contrast 
optics) at 430X. 50 fields were counted from each chamber preparation,
representing 5.3 x 10”  ^ milliliters total volume counted. Seven 
replicate centrifugations were conducted on a dinoflagellate culture 
sample obtained from the Marine Culture laboratory at VIMS to determine 
the precision and accuracy of the technique. The standard deviation of 
the seven replicates was ±1549 cells/ml, or 16% of the mean. In addi­
tion, duplicate centrifugations and enumerations were conducted on 10% 
of the samples collected from the Rappahannock in order to monitor 
precision during the processing of samples.
A total of twenty-three surveys were conducted on the rivers during 
the nine months of study, resulting in 1005 measurements of dissolved 
silica. The collections made on the Rappahannock comprise the largest 
base of data since it was sampled over the longest period of time, from 
February through October 1981, and also because 115 of the samples 
collected from it were analyzed for particulate silica and diatom abun­
dance in addition to the dissolved silica measurements. Some of the 
samples from the lower part of the Rappahannock were lost during the 
July survey, but all other monthly transects were completed from the 
mouth to the uppermost freshwater station. The James and York estuaries 
were sampled for only seven months each, from February through August. 
All samples that were collected for dissolved silica were accompanied by
28
concurrent measurents of salinity, temperature, chlorophyll a, TKN, 
ammonia, nitrite-nitrate, orthophosphate, total phosphorous, dissolved 
oxygen and Secchi depth.
RESULTS
The Spatial and Temporal Distribution of Dissolved Silica 
and Diatoms in the Rappahannock Estuary
Since diatoms were only enumerated in samples from the 
Rappahannock, the approach taken in presenting the data here is to focus 
on this system, beginning with the winter surveys when diatom activity 
is expected to be low, and continuing into the spring flowering in order 
to investigate possible coupling between the increase in the diatom 
population and the depletion of dissolved silica. If inorganic processes 
control dissolved silica concentrations, silica should behave indepen­
dently from the diatom activity.
Dissolved silica concentrations and total diatom abundance measured 
at each station are plotted for each monthly survey on the Rappahannock 
in Figure 5. The values represent the average of measurements made at 
each station since there were insignificant differences between surface 
and bottom concentrations of dissolved silica. The diatom densities 
were determined from surface samples only. The limit of salinity intru­
sion and isohaline points are indicated along the x-axis, which is the 
distance upstream in kilometers from the mouth of the river. The 
average monthly river inflow measured at the U.S.G.S. gaging station at 
Fredricksburg are reported in units of cubic meters per second.
29
30
Figure 5. The longitudinal distribution of dissolved silica, total 
diatoms, and salinity in the Rappahannock estuary during 
the February through October 1981 monthly surveys. Flows 
are average monthly values as measured at the U.S.G.S. gage 
in Fredricksburg.
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The monthly data indicate that a zone of removal of dissolved 
silica just upstream of salinity intrusion did not occur during the 
winter, but developed between the March and April surveys. In this 
zone, dissolved silica became exhausted with respect to the requirements 
of diatoms, since concentrations there remained below the 0.14 mg/1 
level reported to be limiting to growth. After April, the silica 
depleted zone was persistently observed thhroughout the remainder of the 
study, with concentrations often below the 0.028 mg/1 detection limit of 
the molybdate method.
Diatom densities in the estuary were always greatest in the same 
freshwater region where dissolved silica became exhausted. Cell concen­
trations greater than 10,000 per ml indicate that the spring bloom may 
have begun earlier than February. The peak diatom population occured 
sometime between March and May, with the maximum densities observed for 
the entire study period occuring in April. These trends suggest a 
strong coupling between the development of the bloom and the development 
of the silica depleted zone in the Rappahannock. After the peak in 
April, diatom abundances decline, but a population approaching 10,000 
cells per ml persists in this same region throughout the rest of the 
study. Differentiation between dead and living diatom cells was 
attempted during the enumerations, however, the accuracy of these counts 
are uncertain. The proportion of dead cells did increase slightly over 
time. Still, the number of living cells always comprised more than 50% 
of the total diatoms in the samples collected at the diatom maximum 
during all surveys, indicating that a thriving population of diatoms 
existed there throughout the study period.
34
A few samples were selected from the March, April, and June surveys
to make a qualitative assessment as to whether the populations present
were predominantly fresh or saltwater communities. Table 1 is a listing
of the forms of diatoms present in the samples. Not all of the cells
could be identified to species. The results show that the community in
the diatom maximum is composed of large celled, heavily silicified,
%
characteristically freshwater diatoms. By the 5.0 o/oo station (73.8 
km) there was a transition to a community composed of more delicate 
saltwater forms.
Suspended solids and Secchi depth measurements were made in order 
to define the turbidity maximum. The turbidity maximum is shown to 
occur well into the saline portion of the estuary (Figure 6). These 
findings are consistent with more detailed descriptions of the turbidity 
maximum made by Nichols and Thompson (1973) and Nichols, et al. (1981), 
who reported that the greatest turbidity generally occurs at the fresh­
water/seawater interface. It is apparent that the turbidity zone defined 
by the suspended solids measurements is a much broader zone than the 
region of high diatom densities, extending from about the 50 km to the 
150 km station. The diatom maximum is encompassed by the turbidity 
maximum, the diatoms are abundant only at the upstream end of the turbid 
zone.
The chlorophyll 'a' distributions further support this conclusion.
A peak in chlorophyll fa’ occurred in the same upstream region of the 
turbidity maximum during all months (Figure 7). Levels at this maximum 
approached 25 yg/1, which are considered to be indicative of slight
35
TABLE 1.
A LIST OF DIATOM GENUS AND SPECIES FROM SURFACE SAMPLES 
COLLECTED ON THE RAPPAHANNOCK DURING THE APRIL 1981 SURVEY
Station
(km)
Average 
Salinity (o/oo) Species
0.00 19.5 Pleurosigma sp. 
Rhizosolenia fragillisima 
Lerataulina pelagica
73.68 4.5 Nitschia sp. 
Cyclotella sp. 
Gyrosigma sp.
108.70 <0.1 Melosira sp.
Nitschia kutzingiana 
Cyclotella sp.
162.07 < 0.1 Asterionella formosa 
Melosira sp.
Navicula sp.
Cymbella sp.
Synedra sp.
36
Figure 6. The longitudinal distribution of non-filterable residue 
(suspended solids) in the Rappahannock during the April, 
June, July and September 1981 surveys.
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Figure 7. The longitudinal distribution of chlorophyll 'a* and 
living diatom cells in the Rappahannock estuary, February 
through October, 1981.
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enrichment (Neilson, 1981). The fact that the chlorophyll maximum is 
narrower than the turbidity maximum, and occurs in the upstream part of 
it, indicates that high concentrations of the phytoplankton are not 
uniformly distributed within the particulate material which forms the 
turbidity maximum. Thus, the accumulation of diatoms is only partly 
attributable to the circulation processes which sustain the turbidity 
maximum in the estuary.
Figure 7 also illustrates that there is a very close agreement 
between the abundance of live diatoms and chlorophyll Ta', showing 
corresponding minima and maxima over the length of the estuary. In 
fact, the correlation between these two parameters using the full set of 
data for 1981 was almost as good as that between the particulate silica 
measurement and the abundance of diatoms (r^=0.61 v. 0.74), indicating 
that chlorophyll 'a* is a reasonable measure of diatom abundance. As the 
summer progressed however, the agreement between chlorophyll 'a' and 
diatom abundance became poorer. The correlation coefficient between 
these two variables was 0.81 prior to June, but only 0.59 thereafter, 
which might be expected since other forms of algae have been found to 
dominate the phytoplankton as the summer progresses (Patten, 1963).
The amount of dissolved silica removed from solution in the diatom 
maximum was substantial. In April, for example, riverine concentrations 
were reduced from 4.20 to less than 0.06 mg/1 at the point where diatom 
densities are the greatest, representing over 98.5% removal of the 
dissolved silica supplied by river inflow. However, a second noteworthy 
feature of the longitudinal distributions is the increase in the concen­
42
tration of dissolved silica which occurs downstream in the saline por­
tion of the estuary. Levels generally rise here to a peak greater than 
1.0 mg/1. Since nearly all of the riverine silica has been removed by 
this point, the increase suggests that some source other than riverine 
flux is supplying silica to the water column. There are fewer diatoms in 
this region and the supply of dissolved silica apparently exceeds uptake 
by the diatoms. Whatever process is supplying this silica, it may well 
occur throughout the estuary, but is only exceeded by the requirements 
of the dense population of diatoms above the limit of salinity intru­
sion.
If the source of this dissolved silica were the dissolution of 
diatom frustules in or on the bottom sediments, one would expect greater 
concentrations in the samples collected lm above the bottom. This is 
not the case, however, and surface to bottom concentrations of dissolved 
silica varied by less than 0.10 mg/1 (or about 5%), while salinity 
differences due to stratification were around 1-2 ppt (or 20%). In 
fact, concentrations at the bottom were often less than at the surface, 
probably due to dilution by seawater containing low concentrations of 
dissolved silica.
The behavior of a constituent in estuaries can be demonstrated by 
plotting concentration with salinity in order to determine whether it is 
conservative during the mixing of freshwater and seawater. In the case 
of silica, an inverse relation or negative slope is expected since 
concentrations are high in freshwater and lowest in high salinity sea­
water. A deviation from linearity would suggest non-conservative
43
behavior, and the direction of the deviation determines the direction of 
the changes taking place; eg. a positive relation in the case of 
dissolved silica indicates addition of to the water column within the 
estuary (Liss, 1976).
The silica-salinity relationships for the monthly surveys from the 
Rappahannock are depicted in Figure 8. During February and March the 
relationship was negative and near linear, indicating that silica was 
neither added nor removed significantly during mixing in the estuary. 
During the remaining months (April through October) there is a positive 
relation in the region between 0 ppt and about 5- 7 ppt, indicating that 
silica is being added to the water column there. Beyond mid-estuary, a 
negative relation between silica and salinity exists from the silica 
maximum to the mouth. In April and May, the relationship in the lower 
estuary was linear, indicating that dilution by silica depleted seawater 
is the primary process controlling the distribution of dissolved silica 
from mid-estuary to the mouth. Extending this linear relationship to 
the y axis gives an estimate of what the freshwater concentration should 
be had the riverine inflow been the source of the downstream dissolved 
silica (cf. April, Figure 8). Based on the conservative mixing line 
established for the lower part of the estuary for April, the ’apparent' 
freshwater concentration was about 4.3 mg/1, which, when compared to the 
actual riverine concentrations of about 4.0 mg/1, suggests that the 
second sorce of dissolved silica is at least as large as that entering 
by riverine inflow.
44
Figure 8. The relationship between dissolved silica and salinity 
in the Rappahanock estuary, February through October 1981.
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Comparison With the James 
and York Estuaries
The distributions of dissolved silica from the James and York 
surveys are plotted in Figures 9 and 10 respectively. Chlorophyll 'a' 
measurements are included because, as shown for the Rappahannock, they 
provide a reasonable estimate of diatom abundance. Dissolved silica in 
the James behaved similarly to the Rappahannock in that a region of 
rapid removal was observed just upstream of the limit of salinity 
intrusion, corresponding to a peak in chlorophyll ’a’ concentration.
As was the case in the Rappahannock, the zone of removal was not 
observed during February. It was also absent in June, however, at a 
time when diatom activity was expected to be high. The chlorophyll peak 
was also less pronounced during this month. Examination of river flow 
measurements at the fall line at Richmond show that June had the highest 
average monthly discharge to the James of all the months surveyed. The 
distribution of dissolved silica during the March survey was particular­
ly anomalous in comparison with the other monthly distributions on the 
James. Maximum concentrations occurred at mid estuary, rather than in 
the riverine inflow. The concentrations in the freshwater portion were 
uncharacteristically low, less than 1.0 mg/1, and were not accompanied 
by high chlorophyll 'a' values. The freshwater flow at the fall line 
during March was not extremely different by comparison with the other 
months.
The dissolved silica minimum occurred later in the season in the 
York system (Figure 10). Concentrations at the upstream most station 
were high in the winter, and steadily declined through the spring,
47
Figure 9. The longitudinal distribution of dissolved silica and 
chlorophyll 'a' in the James estuary, February through 
August 1981. Flows are average monthly values measured 
at the U.S.G.S. gage near Richmond.
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Figure 10. The longitudinal distribution of dissolved silica and 
chlorophyll faf in the York estuary, February through 
August 1981. Flows are average monthly values measured 
on the Pamunkey river at the U.S.G.S. gage near Hanover.
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approaching very low concentrations during summer. Salinity was measur­
able at the 90 km station in August, indicating that the uppermost 
station sampled was probably not far enough upstream to sample the true 
riverine concentration. Instead, the last station sampled was almost 
directly in the silica minimum, just upstream of the limit of salt 
Intrusion. Chlorophyll * a1 distributions show less peakedness in the 
York, but were always highest at the upstream freshwater station where 
dissolved silica concentrations were depleted.
In order to compare conditions of enrichment in the three estuar­
ies, the data collected at each station during the 1981 sampling season 
were averaged and plotted in Figures 11, 12, and 13. In the freshwater 
portion of the rivers it is apparent that the James is the most enriched 
system with respect to total nitrogen and phosphorus, followed by the 
Rappahannock and then the York. This is consistent with the findings of 
Brehmer (1972) and, more recently, Neilson (1981). Chlorophyll 'a' 
measurements indicate that the Rappahannock and James had roughly equal 
peak biomass, around 22 yg/1 chlorophyll. The York definitely had lower 
concentrations of chlorophyll 1 aT in this freshwater region. It appears 
from these plots that the James has less available dissolved silica in 
freshwater than do the Rappahannock or York.
In order to evaluate enrichment levels further downstream in the 
saline portion of the rivers, data were selected from the region between 
10 and 15 o/oo salinity* A region based on salinity was selected 
because it represented equal mixing between freshwater and seawater 
within the estuaries. The 10-15 o/oo zone was selected in particular
54
Figure 11. The average concentration of dissolved silica, chlorophyll 
fa*, total nitrogen and total phosphorus at each station 
for all measurements made during the 1981 surveys on the 
Rappahannock.
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Figure 12. The average concentration of dissolved silica, chlorophyll 
'a*, total nitrogen and total phosphorus at each station 
for all measurements made during the 1981 surveys on 
the James.
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Figure 13. The average concentration of dissolved silica, chlorophyll 
fa*, total nitrogen and total phosphorus at each station 
for all measurements made during the 1981 surveys on the York.
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TABLE 2.
A COMPARISON OF THE DISSOLVED SILICA, TOTAL NITROGEN, 
TOTAL PHOSPHORUS, AND CHLOROPHYLL 'A' CONCENTRATIONS 
FROM THE 10-15 o/oo REGION OF THE THREE ESTUARIES. 
THE AVERAGE AND RANGE OF ALL MEASUREMENTS 
MADE DURING 1981 ARE REPORTED.
Total 
Nitrogen 
(mg/1)
Total
Phosphorus
(mg/1)
Chlorophyll
"a”
(li-g/1)
Dissolved
Silica
(mg/1)
Rappahannock
Range
0.66
0.36-1.36
0.07
0.01-0.21
4.60
0.60-13.3
1.11
0.27-2.06
James
Range
0.95
0.58-1.28
0.09
0.05-0.19
5.50
0.90-20.7
0.85
0.07-1.46
York
Range
0.68
0.12-0.92
0.09
0.05-0.17
9.18
1.70-17.7
1.42
0.80-1.90
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because it was well within the main stem of the estuaries (not near the 
mouth) and well downstream of the region where there is apparent resup­
ply of dissolved silica. The average concentrations for the region 
between 10-15 o/oo are reported in Table 2.
This treatment of the data also suggests that the James is the most 
enriched system. The York values are slightly higher than the Rappa­
hannock. Average chlorophyll 'a' values were the highest in the lower 
York, which has been observed in the past by Brehmer (1972) who attrib­
uted greater productivity in the York to greater clarity of the water by 
comparison to the more turbid James and Rappahannock, in spite of gener­
ally lower availability of nitrogen and phosphorus. The dissolved 
silica concentrations show the most striking differences of all, with 
generally less available dissolved silica in the James system.
Particulate Silica
The first step taken was to evaluate the usefulness of the particu­
late technique by examining the reproducibility of measurements made on 
a set of samples. The results of particulate silica analysis of seven 
replicate filtrations of the same sample and seventeen duplicate filtra- 
tions of different samples are presented in Table 3. Precision of the 
method is estimated by calculating the standard deviations of the re­
peated analysis. Replicate analysis yielded a precision of 0.115 mg/1, 
while the precision of the duplicate analysis was better, 0.099 mg/1. In 
the case of replicate analysis, the standard deviation can be expressed 
as 14.2% percent of the mean value (0.81 mg/1) determined for the 
sample.
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TABLE 3.
RESULTS OF REPLICATE AND DUPLICATE ANALYSIS OF PARTICULATE SILICA AND 
DIATOM MEASUREMENTS. PRECISION IS REPORTED AS STANDARD DEVIATION
Duplicate Replicate
Measurements Analysis
Particulate Silica 
(mg Si/1)
X y Axy
X
0.45 0.37 0.08 0.67
0.76 0.54 0.22 0.70
0.16 0.51 0.35 0.94
0.56 0.51 0.05 0.74
0.61 0.66 0.05 0.96
0.35 0.47 0.12 0.87
0.33 0.31 0.02 0.82
0.15 0.15 0.00
0.35 0.34 0.01 x=0.81
0.22 0.32 0.10 n=7
0.45 0.48 0.03 Sx =0.115
0.11 0.13 0.02
0.15 0.16 0.01
0.19 0.44 0.25
0.10 0.12 0.02
0.21 0.23 0.02
0.12 0.16 0.04
*A=0.084
Sx=0.099
Total Diatoms x y A x
(cells/ml) -------------------------------
8551 10411 1860 7436
10225 12456 2231 11526
372 744 372 7250
8180 9109 929 10968
5019 3904 1115 10039
1673 558 1115 10569
4648 8180 3532 10039
11526 9109 2417 8551
744 372 372 10596
930 1487 557
4648 6693 2045 x=9667
10597 9853 744 n=9
1301 1859 558 S =1549.8
2045 1487 558
x^=1314.6
S =9561.8
x
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The precision of the diatom enumeration technique are calculated in 
the same way. In this case, however, precision was determined using a 
cultured sample of the marine dinoflagellate Gymnodinium sp., obtained 
from the Marine Culture Laboratory at VIMS, so that a known concentra­
tion of the organism would also allow for calculation of the accuracy of 
the technique. It was found that the mean of nine replicate enumerations 
was 9,667 cells/ml. The standard deviation was 1,549 cells/ml, or 
about 16.0%. A concentration of 8,000 cells/ml was estimated by Marine 
Culture lab personnel. Seventeen diatom samples collected from the 
Rappahannock during the study period were counted in duplicate in order 
to determine the precision of the technique on actual field samples.
The precision of the replicate analysis of field samples was far poorer 
than for the enumeration of the cultured sample, estimated as 9,562 
cells/ml.
Linear regression was used to evaluate the use of the particulate 
measurement as a predictor of the total diatom concentration. Figure 
14 shows the plot of the values and regression using total diatoms as 
the independent variable. The relationship is described as:
Total diatoms(cells/ml) = M x Particulate Si(mg/1) + B 
where
M = 15,940
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Figure 14. Regression of particulate silica vs. total diatom 
abundance (n=115) using samples collected on the 
Rappahannock from February through October, 1981.
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and
B = -1,383
The regression coefficient was 0.759, and was significant at the 0.05 
level. Evaluation of the residual variance of the regression (r^) 
indicated that 57.6% of the variation in particulate silica measurements 
was explained by the regression with total diatoms. Finally, predic­
tion of diatom cell concentrations using the regression function would 
result in an estimate having a 95% confidence interval of ±8,032 
cells/ml.
Both the diatom enumerations and particulate silica measurements 
suffered from high analytical variance (about 15% as standard devia­
tion). Regression using particulate silica as the independent variable 
resulted in predictions of _in situ diatom abundance having unacceptable 
variance when compared to the expected field situation; ie. the 95% 
confidence interval of a single estimate was 8,032 cells/ml, and would 
account for a major bloom under natural conditions. The uncertainty 
about the recovery of all particlate biogenic silica in samples and the 
possibility of interferences due to mineral sources do not allow for the 
assumption that the measurements are truly representative of the diatom- 
aceous silica in natural samples. The particulate measurements made in 
the field do, however, fall within the range of values expected for 
diatomaceous silica in the water column reported in the literature.
Measurements from samples collected on the Rappahannock during the
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Figure 15. The longitudinal distribution of particulate biogenic 
silica and total diatoms in the Rappahannock estuary, 
February through October, 1981.
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study are shown in Figure 15. Diatom concentrations ranged from a few 
hundred to close to 30,000 cells/ml under bloom conditions in the chlor­
ophyll maximum. Particulate silica values ranged from less than 0.05 to 
a maximum of 1.21 mg Si/1. Although there was upwards of 4 mg Si/1 of 
dissolved silica removed from the inflowing river supply, the amount 
measured as particulate silica was only about one third of the amount of 
dissolved silica lost from the water column. The peak in particulate 
silica in the vicinity of the diatom maximum was broader than the diatom 
peak, more closely resembling the distribution of the turbidity maximum.
The average amount of silica contained in diatom cells was calcu­
lated for each sample by dividing the amount of particulate silica 
measured by the number of diatoms counted. Values ranged from 4.6 to 
1,846 pg Si/cell, and the average for all samples was 151.4 pg Si/cell. 
This is somewhat higher than the silica content reported by other inves­
tigators (Table 4). The distribution was very skewed, however, and 
only four samples yielded values greater than 500 pg Si/cell. Since 
there were only a few extreme values, the median value of 84.2 pg 
Si/cell better represents the central value for the entire data set.
The distributions of this calculated parameter exhibit some regu­
larities along the length of the Rappahannock (Figure 16). In April,
May, and June, for example, the distributions indicate that there is far 
more carbonate digestable particulate silica in mid-estuary than can be 
explained by the abundance of diatoms there. Values above 300 pg 
Si/cell are well above those reported in the literature. This is the 
same region where dissolved silica is replenished to the water column.
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TABLE 4.
A COMPARISON OF PARTICULATE SILICA MEASUREMENTS 
FROM THIS AND OTHER STUDIES.
Type of Sample
Particulate 
Silica 
(mg Si/£)
Cellular Content 
(pg Si/cell) Source
Natural Populations:
Central European Lakes n.a.
n.a.
n.a.
n.a.
45 - 200 
70 - 200 
120 - 180 
100
Einsele and 
Grimm (1932)
English Lakes n.a. 120 - 140 Lund (1950)
Lake Windermere n.a. 65 Lund, et al. 
(1963)
Abbots Pool n.a. 71 - 80 Happey (1970)
Loch Leven n.a. 75 Bailey-Watts
(1976)
Lake Michigan 0.22 - 1.68 n.a. Conway, et al. 
(1977)
Oslofjord 0.11 - 0.23 6 - 8 Paasche and 
Ostergren 
(1980)
Antarctic Circle 0.02 n.a. Nelson and 
Gordon (1982)
Rappahannock Estuary 0.03 - 1.14 4.6 - 1800+ Anderson (1982)
Cultured Samples:
Si limited n.a. 0.56 Harrison (1977)
Si unlimited n.a.
n.a.
2.16
1.70
Paasche (1980)
n.a. = not available
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Figure 16. The longitudinal distribution of the amount of biogenic
particulate silica measured per diatom cell counted in the 
Rappahannock estuary, February through October 1981.
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Note also that the excess of particulate silica is greatest during the 
months when replenished dissolved silica concentrations are also highest 
(eg. April and May).
DISSCUSSION
Removal Processes Controlling 
Dissolved Silica Concentrations
Two distinct longitudinal distributions of dissolved silica have 
been observed in the rivers during the study period. In the first, 
dissolved silica concentrations are high in riverine inflow, and de­
crease steadily down estuary until the lowest concentrations are 
achieved in the saline water at the mouth. There is a near linear 
relation with salinity, suggesting that dissolved silica is behaving 
conservatively during mixing in the estuary. In the second case, the 
high concentrations entering in riverflow decrease rapidly to nearly 
exhausted levels in a zone just upstream of the limit of measurable 
salinity. The depletion of dissolved silica is always accompanied by 
high chlorophyll 1 a' content in the water column. In the case of the 
Rappahannock, the chlorophyll maximum has been shown to be associated i 
with a high density of diatoms.
It has been concluded that the rapid removal of dissolved silica in 
this portion of the estuary is due to uptake by planktonic diatoms 
because the amount of removal is large ( >98%), rapid, and because it is 
always coupled with the presence of a high standing stock of phytoplank­
ton. The other possible mechanism of removal involves adsorption or
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chemical precipitation of silicic acid onto clays (Her, 1979).
Evidence in the literature of these processes controlling dissolved 
silica concentrations in estuaries are few and contradictory (Liss and 
Spencer, 1970). Uptake by clays has been demonstrated under laboratory 
conditions, but the mechanisms are poorly understood due to the chemical 
heterogeneity of the surfaces involved and the sensitivity of the pro­
cess to experimental conditions (Mayer and Gloss, 1980). Liss and 
Spencer (1970) found that uptake by clays was rapid and increased as 
dissolved silica, suspended solids, and salinity increased, but never 
removed more than 10% of the ambient dissolved silica concentration.
The greatest amount of silica removed from solution in their experiments 
was 0.42 mg Si/1. Siever and Woodford (1973) concluded that ambient 
dissolved silica concentration was the major determining variable in the 
adsorption process. In their experiments, adsorption never occured when 
silica concentrations were less than 5.60 mg Si/1, leading to the con­
clusion that it is highly unlikely that much silica is sorbed onto clays 
in estuarine or nearshore waters where most terrigenous clays are 
deposited. In estuarine field studies where inorganic removal of dis­
solved silica has been thought to occur it has never been estimated to
exceed 30% of the riverine supply (Liss, 1976).
Two major temporal scales influencing the longitudinal distribu­
tions of dissolved silica were identified. The first is seasonal. A 
linear dissolved silica-salinity relationship was always observed in 
winter, when chlorophyll Ta' content in the freshwater zone was at 
minimum levels prior to the onset of the spring growing season. As the
spring progressed, phytoplankton biomass began to accumulate in the
tidal freshwater reach and the longitudinal distribution of dissolved 
silica responded with the development of the silica exhausted region.
The second temporal feature appears to occur at a shorter time scale 
than the seasonal progression described above, and evidence for it is 
illustrated by the distribution in the James during June. At a time 
when phytoplankton growth was expected to be high, the longitudinal 
distribution during June resembled those observed during the winter 
months; i.e. chlorophyll 'a' values were low and dissolved silica was 
not depressed. After June, the silica depleted zone and phytoplankton 
maximum was re-established and persisted for the remainder of the summer 
and into fall.
These temporal features are generally consistent with the proper­
ties of dissolved silica observed in the San Fransisco Bay estuary. 
Peterson ^ t aJL. (1975, 1980) reported that the dissolved silica-salinity 
relationship was always linear during the winter months, and became 
progressively more nonlinear as the spring and summer developed.
Periods when the relationship was observed to be linear occurred during 
some summer months, however, when the freshwater flow was above average. 
Drawing from over 10 years of dissolved silica observations in San 
Francisco Bay, Peterson, et al. (1978) and Rattray, ^t jal. (1979) 
deduced that the dissolved silica salinity relationship was always 
linear when riverine inflow exceeded a threshold level of 400 m /s.
They concluded that the behavior of dissolved silica was controlled by 
the hydrodynamics of the estuary as it is influenced by the freshwater 
inflow; when freshwater flow is low, the flushing rate in the estuary is 
decreased, allowing for the accumulation of suspended particulate matter
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and phytoplankton forming the turbidity maximum. The phytoplankton are 
afforded a longer period for growth, and therefore low freshwater flow 
results in favorable hydrodynamic conditions for the development of a 
large phytoplankton community. It follows that the highest rates of 
dissolved silica utilization are associated with these periods of low 
freshwater flow. During high river inflow, the plankton are flushed out 
of the maximum and the supply rate of dissolved silica exceeds uptake, 
resulting in a linear relatinship between dissolved silica and salinity.
It is likely that the same processes are controlling the 
distributions observed in the James, York and Rappahannock estuaries. 
There are some striking differences by comparison with the San Francisco 
Bay observations. The phytoplankton maximum in San Francisco Bay is 
always observed at salinities greater than 1 ppt, while in Virginia's 
estuaries, the maximum is always in the freshwater portion, just up­
stream of the limit of salt intrusion. As a result, silica depletion is 
observed in the freshwater reach, while in San Francisco Bay the fresh­
water portion always contains the highest concentration of dissolved 
silica, and silica utilization is observed only in the saline reaches. 
Secondly, the concentrations of dissolved silica in San Francisco Bay 
are never depleted to less than 1.0 mg/1 in the region of the phyto­
plankton maximum. In the Virginia estuaries on the other hand, the 
silica depleted zone is almost always characterized by concentrations 
below the levels demonstrated to be growth limiting to diatoms (<0.14 
mg/1). A third and perhaps most significant difference is that the 
turbidity maximum and phytoplankton maximum are congruent in the San 
Francisco Bay, which led Peterson to conclude that it was the physical
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process of estuarine circulation which was accumulating living cells in 
the same manner as suspended sediment particles are trapped in the 
turbidity maximum. In the James and Rappahannock, however, the 
phytoplankton maximum is always associated with the turbidity maximum, 
but it occurs in a much narrower zone and at the upstream end of the 
region of high turbidity.
Growth rates of phytoplankton are controlled by light intensity, 
temperature, and availability of nutrients in the photic zone. In order 
for a population to increase, the growth rate of cells must exceed the 
rate of losses due to the death, grazing, and the replacement of phyto­
plankton in a parcel of water by circulation (Demers and Legendre,
1982). The chlorophyll 'a* maximum represents a region in the rivers 
where growth exceeds losses. As in most estuaries, the river discharge 
per unit crossectional area decreases in a seaward direction owing to 
the increase in channel geometry. The decreased velocity and, there­
fore, increased residence time for water may explain the accumulation of 
the phytoplankton population in this region. By comparison, the average 
freshwater flow to the San Francisco Bay is an order of magnitude 
greater than for the James, and currents in the freshwater reaches may 
be too great to allow the phytoplankton to accumulate there.
In the James and Rappahannock, the populations decrease further 
downstream in a region where other particulate matter is notably accumu­
lating to form the turbidity maximum. This suggests the possibility 
that growth is limited in the saline portion of the turbidity maximum. A 
number of factors which may limit phytoplankton growth, and therefore be
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responsible for this distribution are postulated as follows:
1) Light limited growth - as the water column becomes deeper and 
remains mixed, and turbidity restricts light penetration 
further downstream, the plankton are exposed to less light for 
a shorter period of time, inhibiting production.
2) Floral barrier - The phytoplankton in the maximum appear to be 
primarily freshwater species, selected against as they reach 
the saline portion of the estuary.
3) Nutrient limited growth - There is evidence that silica is ex­
hausted by the phytoplankton, and N/P ratios indicate nitrogen 
deficiency in this region relative to the rest of the river.
The data collected in this study do not allow for testing of the 
above hypotheses. An investigation of the physiological properties of 
the resident phytolankton would be needed to provide direct evidence of 
light and nutrient limitation effects. A simple qualitative study of the 
species composition would be sufficient to determine the influence of 
salinity in regulating the populations at this reach in the rivers.
An initial objective was to examine whether the exhaustion of 
dissolved silica in the brackish regions was coupled with the succession 
of the phytoplankton from a diatom dominated to a non-diatom community. 
Since other forms of algae were not enumerated, the only evidence
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supporting this is that the abundance of diatoms declined after the 
first appearance of a silica minimum in April. Abundances of diatoms 
remained at near bloom levels, however, through October in the brackish 
zone of the Rappahannock. Also, the maximum chlorophyll 'a' levels in 
the James occurred during August, when river inflow was at a minimum, 
indicating that the population was thriving there even during periods of 
low riverine silica supply.
The Effects of Enrichment
Peterson (1980) more recently described the phytoplankton-silica 
relationships in the Potomac estuary, and reported exhaustion of 
dissolved silica in the same freshwater reaches as were observed in this 
study. He pointed out that the present and historically high phyto­
plankton abundances observed in the upper Potomac (>100 ug/1 chloro­
phyll) have been accepted as being related to the high inputs of 
anthropogenic nutrients (cf. Carpenter, et_ aJ. 1969). He also suggests 
hydrodynamic trapping as a possible reason for the accumulation of the 
phytoplankton. The results of this study provide further support for 
the latter conclusion. The phytoplankton maximum was observed in the 
reach of an estuary which is not particularly enriched (upper York). 
These results suggest that the occurence of a phytoplankton maximum in 
the freshwater reaches may be a natural feature of the partially-mixed 
estuaries of the mid-Atlantic region. The fact that the maximum occurs 
at the same place in all four estuaries supports the hypothesis that 
hydrodynamic factors as a consequence of riverine inflow control the 
abundance of phytoplankton in the upper estuary.
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The Potomac is more enriched than the James, and maximum chloro­
phyll *aT values are generally higher by comparison (Neilson, 1981). 
Different levels of anthropogenic enrichment did not appear to affect 
the availability of dissolved silica amoung the estuaries studied here: 
in all cases dissolved silica was exhausted to growth limiting concen­
trations when the phytoplankton maximum developed. The peak of the 
chlorophyll faT maximum in these estuaries was related to the level of 
enrichment, but it should be pointed out that the chlorophyll peak in 
the tidal freshwater zone was also higher in the system having the 
highest riverine inflow, and lowest in the system having the lowest 
freshwater source. Since inflow regulates the supply of silica and 
other nutrients, the differences amoung rivers may be more influenced by 
variations in the river flow than due to differences in waste loadings.
There is also evidence that variations of river inflow can affect 
the abundance of the diatoms within a system. In the Potomac, Cole and 
Alpine (1980) reported that diatoms were typically more abundant during 
high flows in spring than in the fall, and that they were generally more 
abundant during a wet summer (1978) than a dry one (1977). The 1981 
year was atypically dry in Virginia, with a 40 cm (33%) deficit in 
rainfall compared to the historical average for the Tidewater region 
(Env. Data Service, 1981). It was noted by Haas (pers. communication) 
that chlorophyll levels were uncharacteristically low in the lower York 
river during 1981. If river supply is indeed limiting the phytoplankton 
in the upstream reaches, there may also be a coupling between this 
effect and the populations further downstream.
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There is direct evidence that short term flow events exert an 
important modulating effect in the James. The chlorophyll 'a’ maximum 
of 40 pg/1 observed in May was effectively flushed by the high fresh­
water flows occuring in June. It is quite likely that this phenomenon 
occurs many times during the growing season, as short periods of high 
runoff are a common feature in these estuaries throughout the year 
(Nichols, 1972). The implication is that the phytoplankton populations 
are periodically flushed from the chlorophyll maximum in the freshwater 
reaches, and, at the same time, the saline portion of the estuary 
recieves an elevated supply of riverine dissolved silica and, perhaps, 
other nutrients.
The Recycling of Silica
The increase of dissolved silica in mid-estuary after near complete 
removal of the inflowing riverine supply indicates that another source 
is supplying silica to the water column. Extrapolating to the fresh­
water end member using the silica salinity relationship (Figure 11) 
indicates that this supply is significant, at least of the same order of 
magnitude as the riverine input. The source of this downstream supply 
could be attributed to one of the following mechanisms:
1). Redissolution of diatom frustules, either in the water column, 
or on the bottom sediments.
2). Contributions of high dissolved silica by freshwater input 
from lateral tributaries of the estuary.
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3). Dissolution or desorption from suspended clays and minerals.
4). Remnants of recent high freshwater inflow in the main stem of 
the river. The distributions represent a parcel of water 
containing high silica content passing through the system 
(suggested for the Potomac by Peterson, 1980).
The particulate silica measurements indicated a surplus of bio­
genic silica in the region where dissolved silica is being resupplied. 
This would suggest fragmented frustules in the water column as a poss­
ible source, but it is possible that the digestion technique is 
measuring some form of silica other than that incorporated into frus­
tules, possibly derived from dissolved silica coatings sorbed onto 
clays, or directly from dissolving minerals. Paasche (1980b) and Conway, 
et al. (1977) both reported negligible interference with the carbonate 
method by mineral silicates (<3&). Keefer (unpublished, 1981) found 
between 0.3 and 0.6 mg Si/1 released from a suspension of 50 mg/1 
reagent grade, Ca-montmorilIonite clay when subjected to the same 
digestion technique. Data on the recovery efficieny of the technique 
are notably lacking. Repeated digestion of the filters in this study 
yeided no additional silica after the first 2.5 hours. Paasche (1980b) 
reported complete recovery of cellular silica from a culture of pure 
diatoms using the method when compared to the more exhaustive method of 
boiling with sodium hydroxide.
The uncertainty about the recovery of all particulate biogenic 
silica in the samples and the possibility of interferences due to
84
mineral sources make it tenuous to conclude that biogenic silica is 
resupplying the dissolved silica in the lower estuary without looking at 
the other possible sources. Of these the dissolution of clays can be 
discounted since the experiments of Willey (1980) and Lake (1972) sug­
gest that dissolution is too slow to account for the large supply 
observed here. For example, a 5000 mg/1 suspension of kaolinite yielded 
less than 1 mg Si/1 of dissolved silica after 10 days in the experimen­
tal batches of Lake (1972). Desorption from clays has never been 
observed to increase dissolved silica concentrations by more than 0.05 
mg Si/1 under laboratory conditions (Liss and Spencer, 1970). Addition 
of silica due to freshwater inputs does not explain the distributions 
since salinities do not reflect the influence of a freshwater source. 
Mixing is too strong in these estuaries for a parcel of water to main­
tain its integrity during travel downstream (Kuo, 1982, pers. 
communication).
It is thus concluded that fragmented frustules in the water column 
are in fact the source of silica in the downstream reaches. In lakes 
and in the sea, much of the silica assimilated by diatoms is eventually 
returned to solution (Paasche, 1980a). The rate and location of regen­
eration is still poorly understood (Ryther and Officer, 1981). The 
important question is by what process and at what rate is the silica 
resupplied in these estuaries, because if resupply occurs slowly and at 
the bottom there is probably greater permanent burial of silica in the 
bottom sediments than if frustules are redissolving in the water column. 
In lakes, much of the dissolution is thought to take place in or on the 
sediments (Parker, et al., 1977). In coastal upwhelling regions, the
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production of biogenic silica may be nearly balanced by redissolution in 
the upper layer (Nelson and Gordon, 1982). The dissolution of diatom 
frustules is accelerated by the presence of seawater electrolytes 
(Lewin, 1961). The lack of high dissolved concentrations at depth 
suggests that dissolution mostly occurs in the water column before 
deposition can take place. Benthic exchange rates for silica are not 
available for this area, however, Callender, estimated 140 mg/m2/day of 
dissolved Si coming from the sediments in the Potomac. Applying this 
rate to a 10 m column of water, it would require 70 days to supply 1 mg 
Si/1 of dissolved silica to the overlying water (Peterson, 1980).
The data collected in this study suggest that redissolution of 
diatom frustules is the source of the downstream silica, and the process 
is occuring at a rate nearly equal to the riverine supply. This is a 
significant finding for two reasons. First, rapid regeneration makes 
it less likely that dissolved silica will be depleted from the system to 
the point of being growth limiting, or at least that silica will be 
cycled through the diatoms more than once in a season as previously 
believed (Officer and Ryther, 1980). Second, rapid recycling would 
reduce deposition of silica into the sediments, allowing nearly all of 
the riverine supplied silica to reach the sea. The second conclusion 
suggests that the low concentrations of dissolved silica observed in the 
oceans are not due to extensive losses of riverine silica during passage 
through estuaries.
SUMMARY AND CONCLUSIONS
Observations of the longitudinal distribution of dissolved silica 
and phytoplankton suggest a strong coupling between diatom abundance and 
the depletion of dissolved silica in the tidal freshwater reaches of the 
James, York, and Rappahannock estuaries. A phytoplankton maximum was 
regularly observed just upstream of the limit of saltwater intrusion in 
all three systems during all but a few months of the year. Uptake by 
diatoms in the maximum reduced riverine silica concentrations to well 
below the levels reported in the literature as limiting to diatom 
growth. The diatoms continued to thrive in this region throughout the 
summer season in spite of the low concentrations. Although the data 
show nearly 100% removal of dissolved silica entering in river inflow, 
dissolved silica is also being resupplied to the water column in signif­
icant amounts in the saline portion of the estuary.
The sodium carbonate hydrolysis method for determining diatomaceous 
particulate silica in water samples was observed to have low analytical 
precision. Quantitative data on the recovery efficiency of the technique 
and its selectivity in measuring only diatomaceous forms of particulate 
silica are lacking. In spite of this, the particulate measurements made 
on natural samples correlate well with the diatom abundances and exhibit 
distinct longitudinal trends in the Rappahannock. The levels of particu­
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late biogenic silica in the phytoplankton maximum can be explained by 
the number of diatoms present there since the amount measured per diatom 
cell counted falls within the range of values for cellular silica 
reported in the literature. There was far greater particulate silica 
measured in the saline portion of the estuary, however, than could be 
explained by the abundance of diatoms measured there. It is unknown 
whether there is a real surplus of diatomaceous silica in this part of 
the estuary, or whether the high values are due to the interference of 
mineral silicates (clays) with the soda hydrolysis technique. Thus, it 
can only be speculated that this silica is diatomaceous in origin. If 
it is, then it is in the form of fragmented diatom frustules which 
cannot be recognized under the microscope but are detected by soda 
hydrolysis analysis. The fragmented frustules may be redissolving in 
the water column; this could be the source of the replenished dissolved 
silica observed in the saline portion of the estuary.
This study provides evidence that a phytoplankton maximum in the 
tidal freshwater reach is a phenomenon common to these mid-Atlantic 
coastal plain estuaries, since it was observed in all three systems as 
well as in the Potomac, as reported recently by Peterson (1980). There 
appears to be a relationship between freshwater inflow and the develop­
ment of the maximum. At low flows, the phytoplankton grow and accumu­
late and dissolved silica becomes depleted. Short-lived runoff events 
periodically flush the phytoplankton and nutrients through the 
saltwater/freshwater interface. The monthly sampling interval does not, 
however, adequately reveal the time scales which are important to the 
relationship between phytoplankton abundance and flow. During stable
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flow periods, the system may achieve a steady state condition, at which 
time the productivity and nutrient uptake phenomena could be examined 
much in the same way as in coastal upwelling systems. The coupling 
between the diatom maximum and dissolved silica concentrations may 
provide a better functional relationship for use in estuarine water 
quality models than do simulations of phytoplankton productivity based 
on nitrogen or phosphorus as the limiting nutrient.
The fact that the phytoplankton maximum occurs somewhat upriver of 
the turbidity maximum indicates that some factor other than estuarine 
circulation is controlling the diatom distributions. Among the possible 
mechanisms limiting diatom growth to this narrow freshwater region are 
the following:
1) Nutrient (silica) limitation.
2) Light attenuation by the turbidity maximum.
3) Niche partitioning due to salinity.
4) Dispersion by estuarine circulation.
Of these, there is some evidence that salinity exerts an influence 
on the composition of the diatom communities along the length of the 
estuaries. A transition from large, heavily silicified, characteristic­
ally freshwater cells, to more delicate marine species was observed in 
transect from the diatom maximum to the mouth of the Rappahannock.
SUGGESTIONS FOR FUTURE RESEARCH
The present study has examined the longitudinal distributions of 
dissolved silica, diatoms, and particulate silica at monthly intervals 
during a single annual cycle. The results show a distinct coupling 
between flow, dissolved silica concentration and the development of the 
diatom maximum, however, more detailed sampling of these parameters at a 
shorter time interval is needed to adequately quantify the functional 
relationships between river discharge, phytoplankton abundance and diss­
olved silica uptake in the tidal freshwater reaches.
Peterson (1980), suggested that river flow may affect the primary 
productivity within a system from year to year. The nutrient supply 
during a period of drought could be an order of magnitude below the 
average input. Dissolved silica analysis should be included whenever 
other nutrient and phytoplankton parameters are measured in order to 
establish an historical data base from which the effect of freshwater 
inflow on dissolved silica availability and its influence on product­
ivity over the long term can be examined.
The process which supplies dissolved silica to the downstream 
reaches of the estuaries remains unknown, although evidence points to 
redissolving diatom frustules in the water column as the source.
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Further testing of the soda hydrolysis technique would improve 
confidence that the particulate silica measured in the water column is 
truly diatomaceous in origin. The redissolution hypothesis is important 
since current thought suggests the bottom sediments as the primary site 
for the regeneration of biogenic silica (Nixon, 1981 pers. commun­
ication) . The hypothesis could be tested by conducting _in vitro 
experiments which would at least isolate the water column as the source 
of redissolving silica. By examining changes in the soda hydrolyzable 
and dissolved fractions of silica over time, one could assess the 
interaction between these forms in the water column, and determine the 
rates of change from the particulate to the dissolved pool. Samples 
collected at various locations and depths along the length of the 
estuary would provide insight on the longitudinal variations in these 
processes.
Specific objectives for future studies in accordance with these 
points are proposed as follows:
1. Determine the recovery efficiency of the soda hydrolysis 
technique for estimating biogenic particulate silica in water 
samples. The interferences due to mineral silicates in 
natural samples also need to be quantified before it can be 
concluded that there is a surplus of biogenic silica in the 
saline reach of the estuary.
2. Describe the dynamic nature of the development and maintenance 
of the phytoplankton maximum. An important question is
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whether there is a threshold rate of river discharge 
above which the maximum cannot develop due to flushing. From 
this information, one could evaluate how frequently the maxi­
mum develops. Along the same thinking, it is important to 
examine to what degree the phytoplankton maximum and dissolved 
silica minimum achieve a steady state condition. If steady 
state were maintained for a significant period of time (on the 
order of days) it would validate a steady state approach to 
studying the productivity and silica uptake kinetics of the 
phyto plankton.
3. Examine the long term (annual) effects of river flow on the
productivity within a given system. High flows should flush
the chlorophyll maximum from freshwater, and provide more 
nutrients to the downstream reaches. This could be achieved 
by examinig ng the flow data and chlorophyll 'a' measurements 
made on the rivers in the past.
4. Isolate water from the estuary and examine the changes in
particulate and dissolved silica over time. Such an experi­
ment is key to understanding the process supplying dissolved 
silica to the saline portion of the estuary.
5. Examine the factors which limit the phytoplankton maximum to 
the freshwater tidal reaches. This phenomenon offers an 
opportunity for the physiological ecologist to study growth 
stressing factors in a natural phytoplankton community.
APPENDIX 1.
RAPPAHANNOCK 1981 MONTHLY SLACKWATER DATA
Note: Particulate silica, diatom abundance and Secchi depth
listed separately.
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RAPPAHANNOCK RIVER 17 FEBRUARY 1981
Depth of Dissolved Chlorophyll
Station Sample Salinity Silica •a'
(km) (m) (°/oo) (mg Si/51) (ugM)
9.80 1.00 _ ' 0.30 1.75
9.80 15.00 - 0.29 5.10
16.61 1.00 19.93 0.01 2.20
16.61 17.00 22.57 0.03 4.80
28.48 1.00 20.08 0.02 2.50
28.48 11.00 22.11 0.04 7.80
38.81 1.10 - 0.03 -
38.81 7.00 21.94 0.03 7.45
48.92 1.00 15.89 0.01 4.80
48.92 5.00 18.78 0.02 6.30
57.79 1.00 13.97 0.40 11.80
57.79 5.00 14.78 0.38 9.30
64.40 1.00 9.24 0.74 17.50
64.40 7.00 10.87 0.56 13.30
73.68 1.00 4.70 1.43 17.00
73.68 5.00 5.03 1.28 13.40
81.97 1.00 2.34 2.12 31.10
81.97 5.00 2.94 1.92 10.90
90.16 1.00 0.53 3.41 7.60
90.16 7.00 0.64 3.51 9.70
98.47 0.00* - 3.74 7.20
98.47 7.00 - 3.67 -
108.70 0.00 - - 9.10
108.70 1.00 - 3.79 -
108.70 13.00 - 4.04 -
117.70 1.00 - 4.07 7.20
123.20 0.00 - - 9.20
123.20 1.00 - 0.88 -
123.20 5.00 - 3.31 -
128.10 0.00 - - 6.70
128.10 1.00 - 3.13 -
128.10 7.00 - 2.61 -
133.50 0.00 - 3.09 4.10
137.70 0.00 - 3.20 -
142.70 0.00 - 3.47 4.00
147.30 0.00 - 3.93 3.90
152.00 0.00 - 4.34 2.60
157.00 0.00 - 4.55 2.60
162.10 0.00 - 4.94 2.30
164.90 0.00 - 4.95 2.50
166.80 0.00 - 5.20 2.10
168.70 0.00 - 4.62 1.70
170.50 0.00 - 5.30 1.40
172.60 0.00 - - 2.10
172.60 1.00 - 4.98 -
Depth equal to zero indicates that the sample analyzed was a composite 
of surface and bottom samples.
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RAPPAHANNOCK RIVER 24
Station
Depth of 
Sample Salinity
Dissolved
Silica
(km) (m) (°/oo) (mg Si/Z)
0.00 1.00 19.27 0.03 /
0.00 7.00 19.27 0.06
9.80 1.00 19.31 0.04
9.80 19.00 19.31 0.06
16.61 1.00 18.94 0.03
16.61 11.00 19.11 0.03
28.48 1.00 18.79 0.10
28.48 7.00 19.06 0.05
38.81 1.00 17.84 0.37
38.81 7.00 17.95 0.37
48.92 1.00 14.94 0.93
48.92 5.00 16.15 0.82
57.74 1.00 13.01 1.32
57.74 7.00 13.34 1.16
64.40 1.00 10.05 1.72
64.40 7.00 10.14 1.79
81.97 1.00 4.09 2.88
81.97 9.00 6.29 2.54
90.16 1.00 1.95 3.48
90.16 5.00 2.31 3.05
98.47 1.00 0.84 3.40
98.47 11.00 1.01 3.28
108.70 1.00 0.15 3.25
108.70 13.00 0.15 3.73
117.70 0.00* - -
117.70 1.00 - 3.42
123.20 0.00 - -
123.20 1.00 - 3.87
123.20 5.00 - 3.77
128.10 0.00 - -
128.10 1.00 - 3.87
128.10 5.00 - 3.71
133.50 0.00 - -
133.50 1.00 - 4.50
133.50 8.00 - 4.35
137.70 0.00 - -
137.70 1.00 - 3.95
137.70 3.00 - 4.23
142.70 0.00 - -
142.70 0.00 - -
142.70 1.00 - 4.12
142.70 1.00 - 4.71
142.70 4.00 - 3.61
142.70 5.00 - 4.81
147.30 0.00 - -
147.30 1.00 - 4.01
147.30 4.00 - 3.75
MARCH 1981
Chlorophyll
’a'
(yg/£)
4.30 
4.90
7.30
9.20 
11.10
16.40 
17.50
13.00
15.10
2.50 
4.40 
0.70 
0.80 
1.10
1.30
1.50 
1.10 
3.10 
2.70
4.20 
3.80
14.00
13.10
14.40
13.20
9.80
10.10
1.10
8.50
8.00
7.50
95
RAPPAHANNOCK RIVER 24 MARCH 1981 (Cont’d)
Depth of Dissolved Chlorophyll
Station Sample Salinity Silica fa f
(km) (m) (°/oo) (mg Si/iI) (yg/£)
152.00 0.00 _ _ 4.00
152.00 1.00 - 3.52 -
152.00 4.00 - 3.82 -
157.00 0.00 - - 1.40
157.00 1.00 - 3.31 -
157.00 2.00 - 3.66 -
162.10 0.00 - - 1.00
162.10 1.00 - 3.32 -
162.10 3.00 - 3.29 -
164.90 0.00 - - 1.00
164.90 1.00 - 3.47 -
164.90 3.00 - 3.25 -
166.80 0.00 - - 1.10
166.80 1.00 - 3.33 -
166.80 5.00 - 3.25 -
168.70 0.00 - - 1.40
168.70 1.00 - 3.38 -
168.70 3.00 - 3.20 -
170.50 0.00 - - 1.40
170.50 1.00 - 3.45 -
170.50 2.00 - 3.98 -
172.60 0.00 - - 1.60
172.60 1.00 - 3.84 -
172.60 2.00 - 3.05 -
■k
Depth equal to zero indicates that the sample analyzed was a composite
of surface and bottom samples.
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RAPPAHANNOCK RIVER 
Depth of
Station Sample Salinity
(km) (m) (°/oo)
0.00 1.00 26.95
0.00 13.00 19.39
9.80 1.00 18.38
9.80 19.00 19.55
16.61 1.00 17.94
16.61 21.00 19.55
28.48 1.00 17.25
28.48 9.00 18.32
38.81 1.00 15.77
38.81 13.00 18.22
48.92 1.00 12.71
48.92 5.00 14.94
57.79 1.00 9.88
57.79 7.00 11.10
64.40 1.00 7.34
64.40 7.00 8.39
73.68 1.00 4.39
73.68 5.00 4.57
81.97 1.00 2.12
81.97 7.00 2.85
90.16 1.00 0.83
90.16 7.00 0.89
98.47 1.00 0.42
98.47 12.00 0.43
108.70 1.00 0.16
108.70 15.00 0.10
117.70 0.00* -
117.70 1.00 -
117.70 3.00 -
123.20 0.00 -
123.20 1.00 -
123.20 3.00 -
128.10 0.00 -
128.10 1.00 -
128.10 6.00 -
133.50 0.00 -
133.50 1.00 -
137.70 0.00 -
137.70 1.00 -
137.70 5.00 -
142.70 0.00 -
142.70 1.00 -
142.70 5.00 -
147.30 0.00 -
147.30 1.00 -
147.30 5.00 -
22 APRIL 1981
Dissolved Chlorophyll Suspended
Silica 'a* Solids
(mg Sl/Z) (yg/£) (mg/£)
0.05 16.20 0.50
0.07 25.30 4.50
0.04 8.10 0.50
0.04 26.20 -
0.08 6.60 1.00
0.08 22.70 -
0.41 4.40 1.50
0.11 10.10 2.50
0.72 2.00 0.50
0.27 7.00 -
1.60 4.50 -
1.08 1.50 -
2.07 6.60 13.00
1.82 2.00 16.00
2.47 7.20 -
2.59 5.80 45.00
2.74 9.00 16.00
2.79 5.20 -
2.67 6.10 -
2.59 2.70 45.00
0.88 9.40 36.00
1.02 7.10 -
0.17 17.20 37.50
0.15 18.80 -
0.06 25.10 27.00
0.06 27.30 59.00
- 25.30 -
0.89 - 31.00
0.91 - -
- 11.10 19.00
2.06 - -
2.08 - -
- 6.30 -
2.61 - 15.00
2.61 - 10.50
- 3.70 -
3.29 - 21.50
- 2.10 -
3.38 - -
3.55 - -
- 2.40 -
4.00 - 18.50
3.78 - 18.50
- 2.40 -
4.18 - 21.00
4.04 - -
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RAPPAHANNOCK RIVER 22 APRIL 1981 (Cont'd)
Station
Depth of 
l Sample Salinity
Dissolved
Silica
Chlorophyll
’a'
(km) (m) (°/oo) (mg Si/£) (yg/JO
152.00 0.00 _ _ 3.50
152.00 1.00 - 4.11 -
152.00 5.00 - • 4.35 -
157.00 0.00 - - 4.00
157.00 1.00 - 4.11 -
157.00 3.00 - 4.24 -
162.10 0.00 - - 5.90
162.10 1.00 - 3.40 -
162.10 3.00 - 4.06 -
164.90 0.00 - - 3.20
164.90 1.00 - 3.53 -
164.90 3.00 - 3.64 -
166.80 0.00 - - 2.90
166.80 1.00 - 3.51 -
166.80 7.00 - 3.68 -
168.70 0.00 - - 2.80
168.70 1.00 - 3.66 -
168.70 3.00 - 3.62 -
170.50 0.00 - - 2.50
170.50 1.00 - 3.53 -
170.50 3.00 - 3.55 -
172.60 1.00 3.32 1.70
*
Depth equal to zero indicates that the sample analyzed was
Solids 
(mg/'JO
17.00
26.00
7.50
4.50
14.00
3.50
of surface and bottom samples.
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RAPPAHANNOCK RIVER
Station
Depth of 
Sample Salinity
(km) (m) (°/oo)
9.80 1.00 16.37
9.80 19.00 16.45
16.61 1.00 15.87
16.61 21.00 16.70
28.48 1.00 14.39
28.48 9.00 15.97
38.81 1.00 13.32
38.81 7.00 16.37
48.92 1.00 9.47
48.92 7.00 13.65
57.79 1.00 7.11
57.79 7.00 8.47
64.40 1.00 4.24
64.40 9.00 5.04
73.68 1.00 1.90
73.68 5.00 1.21
81.97 1.00 0.62
81.97 6.00 0.60
90.16 1.00 0.02
90.16 5.00 0.00
98.47 0.00* -
98.47 1.00 -
98.47 5.00 -
108.70 0.00 -
108.70 1.00 -
108.70 15.00 -
117.70 0.00 -
117.70 1.00 -
123.20 0.00 -
123.20 1.00 -
123.20 5.00 -
128.10 0.00 -
128.10 1.00 -
128.10 8.00 -
133.50 0.00 -
133.50 1.00 -
133.50 9.00 -
137.70 0.00 -
137.70 1.00 -
137.70 5.00 -
142.30 0.00 -
142.30 1.00 -
142.30 3.00 -
147.30 0.00 -
147.30 1.00 -
147.30 3.00 -
21 MAY 1981
Dissolved Chlorophyll Suspended
Silica ’a' Solids
(mg Si/£) (yg/&) (mg/£)
0.02 3.30
0.08 4.40
0.18 3.30 21.00
0.15 5.00
0.27 1.50
0.14 1.10 18.50
0.52 1.80 0.50
0.25 0.50 36.00
1.24 4.30
0.53 0.60
1.56 4.70 19.00
1.32 1.00
1.45 2.20
1.92 1.70
1.14 4.60 45.00
1.19 4.00
0.70 2.40 13.00
0.71 2.80
0.28 6.30 12.00
0.28 10.70
10.70
0.23
0.24
16.40
0.42 - 4.50
0.44
23.80
1.82
14.02
2.79
2.79
9.60
3.67 
3.77
3.50
4.18
4.39
1.90
4.53
4.50 - 31.00
2.70
4.69
4.92
1.90
5.05
4.68
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RAPPAHANNOCK RIVER 21 MAY 1981 (Cont'd)
Depth of Dissolved Chlorophyll
Station Sample Salinity Silica ’a ’
(km) (m) (°/oo) (mg Si/£) (yg/£)
152.00 0.00 — — 1.80
152.00 1.00 - 4.56 -
152.00 3.00 - 4.45 -
157.00 0.00 - - 1.60
157.00 1.00 - 4.68 -
157.00 3.00 - 4.37 -
162.10 0.00 - - 1.10
162.10 1.00 - 4.64 -
162.10 3.00 - 4.97 -
164.90 0.00 - - 1.40
164.90 1.00 - 4.74 -
164.90 3.00 - 4.89 -
166.50 0.00 - - 1.10
166.50 1.00 - 4.92 -
166.50 7.00 - 4.91 -
168.40 0.00 - - 0.11
168.40 1.00 - 4.71 -
168.40 3.00 - 4.62 -
170.50 0.00 - - 1.00
170.50 1.00 - 4.79 -
170.50 3.00 - 4.90 -
172.10 0.00 - - 1.60
172.10 1.00 - 4.92 -
Solids 
(mg/I)
•k
Depth equal to zero indicates that the sample analyzed was a composite
of surface and bottom samples.
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RAPPAHANNOCK RIVER
Station
Depth of 
Sample
(km) (m)
0.00 1.00
0.00 13.00
9.80 1.00
9.80 17.00
16.61 1.00
16.61 21.00
28.48 1.00
28.48 7.00
38.81 1.00
38.81 9.00
48.92 1.00
48.92 5.00
57.79 1.00
57.79 5.00
64.40 1.00
64.40 7.00
73.08 1.00
73.08 5.00
73.68 2.00
73.68 4.00
81.97 1.00
81.97 8.00
90.16 1.00
90.16 5.00
98.47 0.00*
98.47 1.00
98.47 11.00
108.70 0.00
108.70 1.00
108.70 15.00
117.70 1.00
123.20 0.00
123.20 1.00
123.20 5.00
128.10 0.00
128.10 9.00
133.50 0.00
133.50 1.00
133.50 9.00
137.70 0.00
137.70 3.00
147.30 0.00
147.30 1.00
147.30 5.00
152.00 0.00
152.00 1.00
152.00 3.00
Salinity
Dissolved
Silica
(°/oo) (mg Si/£)
15.22 0.07
17.22 0.79
15.82 0.60
16.64 0.75
14.29 0.66
15.59 0.82
13.99 1.07
14.96 0.88
13.10 1.42
14.62 1.04
11.08 2.06
12.99 1.60
8.01 2.25
9.22 2.12
5.83 2.45
6.82 2.45
6.70 2.51
6.91 2.33
4.17 2.42
2.93 2.42
0.84 1.60
1.57 2.03
0.00 0.73
- 0.74
- —
- 0.45
- 0.46
— —
- 0.19
- 0.17
- 0.90
— —
- 3.99
- 3.45
- -
- 4.39
- —
- 4.71
- 5.00
- —
- 5.03
— -
- 4.75
- 5.01
— -
- 4.89
- 5.01
16 JUNE 1981
Chlorophyll Suspended
'a' Solids
(yg/£) (mg/£)
2.00 4.00
0.40 1.00
1.30 9.00
0.50 2.00
1.60 1.00
0.30 3.00
3.52 1.30
2.00 20.50
3.30 2.50
1.70 7.50
3.40 6.70
3.50 8.00
8.80 11.00
7.60 16.00
9.90 18.00
5.80 27.50
7.90 -
1.30 -
13.50 22.50
4.60 32.00
2.50 22.50
1.30 24.50
47.00 37.00
4.50 83.00
8.50 44.50
53.00
22.10 -
- 37.50
- 57.50
27.70 57.50
14.40 -
- 30.00
- 54.00
7.10 -
- 36.00
6.10 -
- 19.50
- 35.00
6.60 -
- 29.00
9.40 -
- 15.50
- 27.00
10.22 -
- 17.00
- 20.50
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RAPPAHANNOCK RIVER 16 JUNE 1981 (Cont'd)
Station
Depth of 
Sample Salinity
Dissolved
Silica
Chlorophyll
'a*
(km) (m) (°/oo) (mg Si/Z) ( v g / z )
157.00 0.00 _ — 9.60
157.00 1.00 - 4.87 -
157.00 3.00 - 5.11 -
162.10 0.00 - - 6.60
162.10 1.00 - 4.88 -
162.10 3.00 - 4.94 -
164.90 0.00 - - 4.90
164.90 1.00 - 4.79 -
164.90 3.00 - 4.69 -
166.80 0.00 - - 6.30
166.80 1.00 - 4.62 -
166.80 7.00 - 5.11 -
168.70 • 0.00 - - 5.80
168.70 1.00 - 4.43 -
168.70 3.00 - 5.11 -
170.50 0.00 - - 5.80
170.50 1.00 - 5.07 -
170.50 3.00 - 4.87 -
172.60 1.00 - 4.93 4.80
Suspended 
Solids 
(mg/Z)
13.00
25.00
13.50
13.00
14.00
16.50
12.00 
24.30
34.00
16.50
4.00
17.00
17.00
Depth equal to zero indicates that the sample analyzed was a composite 
of surface and bottom samples.
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RAPPAHANNOCK RIVER 15 JULY 1981
Depth of Dissolved Chloroph
Station Sample Salinity Silica 'a*
(km) (m) (°/oo) (mg Si/&) (yg/&)
73.68 1.00 3.85 1.93 9.30
73.68 5.00 4.01 1.93 7.00
81.97 1.00 1.92 1.44 7.60
81.97 9.00 - 1.52 6.00
90.16 1.00 0.28 0.46 13.80
90.16 5.00 0.32 0.57 13.10
98.47 1.00 0.00 0.13 23.60
98.47 9.00 - 0.14 22.70
108.70 0.00* - - 34.10
108.70 1.00 - 0.43 -
108.70 12.00 - 0.42 -
117.70 0.00 - - 31.65
117.70 1.00 - 0.55 -
117.70 3.00 - 0.56 -
123.20 0.00 - - 25.80
123.20 1.00 - 0.47 -
123.20 5.00 - 0.46 -
128.10 0.00 - - 21.80
128.10 1.00 - 1.19 -
128.10 7.00 - 1.15 -
133.50 0.00 - - 20.10
133.50 1.00 - 1.90 -
133.50 8.00 - 1.95 -
137.70 0.00 - - 24.00
137.70 1.00 - 2.59 -
137.70 5.00 - 2.63 -
142.70 0.00 - - 18.10
142.70 1.00 - 3.33 -
142.70 4.00 - 3.37 -
147.30 0.00 - - 19.70
147.30 1.00 - 3.88 -
147.30 4.00 - 3.96 -
152.00 0.00 - - 19.70
152.00 4.00 - 4.40 -
157.00 0.00 - - 14.80
157.00 1.00 - 4.63 -
157.00 3.00 - 4.70 -
162.10 0.00 - - 10.30
162.10 1.00 - 4.71 -
162.10 3.00 - 4.81 -
164.90 0.00 - - 7.50
164.90 1.00 - 4.72 -
164.90 3.00 - 4.72 -
166.80 0.00 - - 7.70
166.80 1.00 - 4.72 -
166.80 3.00 - 4.66 -
Suspended
Solids
(mg/£)
22.50
37.50 
21.00
34.00
25.00
44.00
29.00
34.00
36.00
39.00
28.50
48.50
23.00
58.00
15.00
20.50
15.00
30.00
15.00
22.50
18.00
24.50
11.50 
26.00
15.00
12.00
17.50
11.50
15.50
10.00
8.00
8.00
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RAPPAHANNOCK RIVER
Station
(km)
168.70
168.70
168.70
170.50
170.50
172.60
172.60
Depth of 
Sample 
<m)
0.00 
1.00
3.00 
0.00
1.00 
0.00 
2.00
Salinity
(°/oo)
Dissolved 
Silica 
(mg Si/I)
4.57
4.55
4.55
4.16
15 JULY 1981 (Cont’d)
Chlorophyll 
’a ’
(yg/£)
5.60
2.60 
1.70
Suspended
Solids
(mg/£)
7.90
6.50
3.00
*
Depth equal to zero indicates that the sample analyzed was a composite 
of surface and bottom samples.
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RAPPAHANNOCK RIVER 13 AUGUST 1981
Depth of Dissolved Chlorophyll Suspend
Station Sample Salinity Silica ’ a 1 Solids
(km) <m) (°/oo) (mg Si/£) (ug/£) (mg/£)
0.0 1.00 18.82 0.86 3.60 -
0.0 8.00 19.19 0.76 3.40 2.50
9.80 1.00 18.41 1.01 3.10 2.00
9.80 17.00 13.76 0.98 1.80 2.70
16.61 1.00 18.05 1.10 4.50 3.50
16.61 8.00 18.22 1.51 5.00 7.30
28.48 1.00 16.81 1.43 5.60 2.50
28.48 9.00 19.02 1.12 1.40 4.00
38.81 1.00 16.09 1.49 6.90 9.30
38.81 7.00 18.62 1.23 1.50 6.50
48.92 1.00 13.28 1.80 7.20 18.00
48.92 4.00 14.09 1.74 6.40 18.00
57.79 1.00 10.60 1.98 8.70 19.00
57.79 5.00 10.90 1.96 9.60 15.00
64.40 1.00 8.13 2.10 11.00 12.00
64.40 7.00 9.18 2.12 - 20.00
73.68 1.00 5.24 1.85 8.70 -
73.68 4.00 5.28 1.94 - 20.00
81.97 1.00 3.25 0.94 8.40 16.00
81.97 5.00 3.59 1.08 6.70 28.50
90.16 1.00 1.65 0.24 10.40 21.00
90.16 4.00 1.80 0.31 - 38.00
98.47 1.00 0.87 0.10 15.50 30.00
98.47 4.00 0.92 0.11 12.20 36.00
108.70 1.00 0.16 0.28 26.00 21.50
108.70 10.00 0.16 0.28 22.70 26.00
117.70 0.00* _ - 25.10 -
117.70 1.00 0.01 0.23 - 26.00
117.70 2.00 0.01 0.28 - 56.70
123.20 0.00 - 0.34 22.70 -
128.10 0.00 - - 7.90 -
133.50 0.00 - 0.23 11.60 -
137.70 0.00 - 0.36 13.10 -
142.70 0.00 - 0.73 16.20 -
147.30 0.00 - 1.18 25.50 -
152.00 0.00 - 2.05 32.30 -
157.00 0.00 - 3.49 26.60 -
162.10 0.00 - 3.80 - -
164.90 0.00 - 3.87 6.80 -
166.80 0.00 - 3.92 4.50 -
168.70 0.00 - 3.65 2.10 -
170.50 0.00 - 3.77 1.40 -
172.10 0.00 - 3.72 0.80 -
Depth equal to zero indicates that the sample analyzed was a composite 
of surface and bottom samples.
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RAPPAHANNOCK RIVER 14 SEPTEMBER 1981
Station
Depth of 
Sample Salinity
Dissolved
Silica
Chlorophyll 
1 a'
Suspended
Solids
(km) (m) (°/oo) (mg Si/Z) (yg/£) (mg/Z)
0.00 1.00 19.71 0.60 5.11 2.70
0.00 11.00 20.74 0.49 5.18 5.30
9.80 1.00 19.02 0.44 4.54 -
9.80 19.00 21.37 0.62 2.16 3.30
16.61 1.00 17.55 0.38 4.10 1.50
16.61 21.00 18.31 0.69 1.73 7.50
28.48 1.00 18.02 0.26 4.75 3.00
28.48 9.00 19.47 0.59 1.99 12.00
38.81 1.00 16.74 0.31 - 7.50
38.81 7.00 19.14 0.58 3.46 19.50
48.92 1.00 13.82 0.38 8.64 15.00
48.92 4.00 14.38 0.33 5.40 15.00
57.79 1.00 11.43 0.86 7.34 12.50
57.79 6.00 11.91 0.73 6.48 29.00
64.40 1.00 9.18 1.47 7.99 16.50
64.40 7.00 9.66 1.28 5.51 31.50
73.68 1.00 6.29 1.52 17.50 12.00
73.68 5.00 6.60 1.68 6.26 39.00
81.97 1.00 4.39 0.86 8.21 10.00
81.97 5.00 5.08 1.19 4.64 21.50
90.16 1.00 2.58 0.32 11.88 15.50
90.16 5.00 2.88 0.49 9.72 36.00
98.47 11.00 1.92 0.15 14.90 40.70
108.70 1.00 0.48 0.03 20.30 -
108.70 13.00 0.48 0.07 19.01 26.50
117.70 2.00 0.26 0.06 14.47 38.70
123>. 20 0.00* - - - -
123.20 1.00 - 0.21 - 26.00
123.20 3.00 - 0.15 - 19.00
128.10 0.00 - - 13.39 -
128.10 1.00 - 0.40 - 7.50
128.10 3.00 - 0.39 - 19.80
133.50 0.00 - - 12.04 -
133.50 1.00 - 1.05 - 9.00
133.50 11.00 - 1.00 - 12.50
137.70 0.00 - - 12.53 -
137.70 1.00 - 1.79 - 8.50
137.70 3.00 - 1.84 - 17.50
142.70 0.00 - - 9.94 -
142.70 1.00 - 2.38 - 6.00
142.70 3.00 _ 2.34 - 11.00
147.30 1.00 - 2.80 8.64 11.00
152.00 0.00 - 3.15 8.86 12.50
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RAPPAHANNOCK RIVER 14 SEPTEMBER 1981 (Cont'd)
Depth of Dissolved Chlorophyll
Station Sample Salinity Silica fa f
(km) (m) (°/oo) (mg Si/£) (yg/J£)
157.30 0.00 _ _ 11.02
162.10 0.00 - - 9.94
164.90 0.00 - - 8.21
166.80 0.00 - - 8.42
170.50 0.00 - - 2.80
Suspended 
Solids 
(mg/I)
*
Depth equal to zero indicates that the sample analyzed was a composite 
of surface and bottom samples.
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RAPPAHANNOCK RIVER 01 OCTOBER 1981
Station
Depth of 
Sample Salinity
Dissolved
Silica
Chlorophyll
?a f
Suspended
Solids
(km) (m) (°/oo) (mg Si/£) (yg/&) (mg/1)
0.00 1.00 20.19 0.38 14.90 6.00
0.00 11.00 20.82 0.39 - 24.50
9.80 1.00 19.83 0.40 4.86 7.50
9.80 15.00 20.60 0.41 2.27 7.00
16.61 1.00 19.32 0.36 5.51 4.00
16.61 12.00 19.69 0.42 - 23.00
28.48 1.00 18.49 0.42 8.53 5.70
28.48 8.00 19.20 0.48 2.48 22.00
38.81 1.00 17.50 0.58 10.15 -
38.81 7.00 18.24 0.59 5.18 37.00
48.92 1.00 14.40 0.89 6.59 16.50
57.79 1.00 11.76 1.08 4.75 17.40
57.79 6.00 12.36 1.02 5.62 34.50
64.40 1.00 9.55 1.27 6.37 20.00
64.40 7.00 10.83 1.21 6.26 81.00
73.68 1.00 6.77 1.52 6.80 25.00
73.68 5.00 6.82 1.20 7.02 30.50
81.97 1.00 4.48 0.80 9.72 15.50
81.97 9.00 5.27 0.95 . 6.37 21.00
90.16 1.00 2.63 0.37 14.26 17.50
90.16 5.00 2.97 0.48 10.86 25.50
98.47 1.00 1.77 0.18 13.18 20.50
98.47 11.00 1.89 0.19 15.55 25.00
108.70 1.00 0.55 0.03 14.91 19.50
108.70 13.00 0.55 0.04 14.69 46.00
117.70 1.00 0.25 0.03 8.86 52.00
117.70 3.00 0.25 0.04 15.77 51.00
123.20 0.00* - - 16.63 -
123.20 1.00 - 0.03 - -
123.20 4.00 - 0.02 - 25.00
128.10 0.00 - - 16.85 -
128.10 1.00 - 0.08 - 18.50
128.10 6.00 - 0.07 - 20.50
133.50 0.00 - 0.14 16.42 -
133.50 11.00 - 0.21 - 14.50
137.70 0.00 - - 10.15 -
137.70 1.00 - 0.29 - 9.50
137.70 3.00 - 0.60 - 20.50
142.70 0.00 - - 21.60 -
142.70 1.00 - 0.39 - 12.50
142.70 5.00 - 0.35 - 21.50
147.30 0.00 - - 23.11 -
147.30 1.00 - 0.45 - 17.50
147.30 5.00 - 0.45 - 24.50
152.00 0.00 - - 25.92 -
152.00 1.00 - 1.13 - 17.00
152.00 3.00 - 1.17 - 21.00
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RAPPAHANNOCK RIVER 01 OCTOBER 1981 (Contfd)
Depth of Dissolved Chlorophyll
Station Sample Salinity Silica ’a ’
(km) (m) (°/oo) (mg Si/£) (yg/£)
157.00 0.00 — 17.28
157.00 1.00 - 2.64 -
157.00 2.00 - 2.72 -
162.10 0.00 - - 10.04
162.10 1.00 - 3.64 -
162.10 2.00 - 3.76 -
164.90 0.00 - - 4.75
164.90 1.00 - 3.86 -
164.90 2.00 - 3.87 -
166.80 0.00 - - 3.02
166.80 1.00 - 3.82 -
166.80 5.00 - 3.57 -
168.70 0.00 - - 2.70
168.70 3.00 - 3.09 -
170.50 0.00 - - 2.85
170.50 1.00 - 3.22 -
170.50 3.00 - 3.17 -
172.60 0.00 - - 1.90
172.60 1.00 - 2.95 -
172.60 2.00 - 3.05 —
Suspended 
Solids 
(mg/£)
22.00
22.00
0.90
17.50
7.50
14.70
0.50
16.00
7.00
10.50
4.50
5.00
■k
Depth equal to zero indicates that the sample analyzed was a composite 
of surface and bottom samples.
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RAPPAHANNOCK RIVER 17 FEBRUARY 1981
Particulate Total Secchi
Station Silica Diatoms Depth
(km) (mg Si/£) (cells/mil) (m)
16.61 — — 2.00
38.81 .26 2045 1.20
57.79 .20 1859 1.00
73.68 .22 3346 1.00
- 81.97 .31 12084 .90
90.16 .63 7436 .30
98.47 .59 10969 .60
108.70 .69 3346 .30
123.20 - - .10
142.70 - - -
162.10 .05 558 .30
170.50 .05 1115 .50
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RAPPAHANNOCK RIVER 24 MARCH 1981
Particulate
Station Silica
(km) (mg Si/SL)
0.00 .11
16.61 .26
38.81 .23
57.74 .22
81.97 .27
90.16 .48
98.47 .57
108.70 .86
123.20 .66
142.70 .36
162.10 .10
170.50 .04
Total Secchi
Diatoms Depth
(cells/mJl) (m)
1115 2.00
6321 1.80
5205 .50
558 .30
2603 .30
6879 .30
8552 . 30
14687 .20
11340 .30
- .60
744 1.20
1487 1.90
Ill
RAPPAHANNOCK RIVER 22 APRIL 1981
Particulate Total Secchi
Station Silica Diatoms Depth
(km) (mg Si/V) (cells/m£) (m)
0.00 .17 4276 1.90
16.61 .13 3160 1.80
38.81 .03 186 1.30
57.79 .13 558 .50
73.68 .23 186 .40
81.97 - - .40
90.16 .64 8180 .30
98.47 1.06 13199 .30
108.70 1.14 26213 .40
123.20 .89 11898 .40
142.70 .30 1859 .50
162.10 .15 1487 .90
170.50 .08 744 1.70
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RAPPAHANNOCK RIVER 21 MAY 1981
Particulate Total Secchi
Station Silica Diatoms Depth
(km) (mg Si/£) (cells/m£) (m)
16.61 .08 3160 3.20
38.81 .10 - 1.50
57.79 .34 186 .30
73.68 .35 1115 .30
81.97 .38 1859 .30
90.16 .61 5205 .30
98.47 .58 10783 .30
108.70 .59 18963 .40
123.20 .55 3718 .50
162.10 .12 1673 .50
170.50 .15 2975 1.00
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RAPPAHANNOCK RIVER 16 JUNE 1981
Particulate Total
Station Silica Diatoms
(km) (mg Sl/l) (cells/m
0.00 .14 186
16.61 - -
38.81 .05 372
57.79 .17 186
73.68 .17 558
81.97 - 372
90.16 .49 2603
98.47 .50 6507
108.70 .68 11526
123.20 .80 3718
162.10 .19 1673
170.50 .14 1859
Secchi
Depth
(m)
2.60
2.20
1.60
.70
.40
.30
.20
.30
.20
.30
.60
1.00
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RAPPAHANNOCK RIVER
Particulate
Station Silica
(km) (mg Si/£)
73.68 .29
81.97 .36
90.16 .41
98.47 .49
108.70 .46
123.20 .58
142.70 .63
162.10 .18
170.50 .10
15 JULY 1981
Total Secch
Diatoms Depth
(cells/mJl) (m)
1673 .40
2417 .40
8552 .30
13385 .30
14129 .30
- .40
6321 .40
744 .50
744 .70
115
RAPPAHANNOCK RIVER 13 AUGUST 1981
Particulate Total Secchi
Station Silica Diatoms Depth
(km) (mg Sl/l) (cells/m£) (m)
0.00 .05 930 1.40
16.61 .03 930 1.40
38.81 .08 558 .90
57.79 - - .60
73.68 - 1859 .50
81.97 .26 930 .50
90.16 .24 2231 .50
98.47 .32 4462 .40
108.70 .05 11526 .40
123.20 .37 8552 .50
142.70 .47 4462 .60
162.10 .25 2417 .50
170.50 .09 930 .80
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RAPPAHANNOCK RIVER
Station
Particulate
Silica
(km) (mg Si/5,)
0.00 .07
16.61 .04
38.81 .11
57.79 .17
73.68 .17
81.97 .20
90.16 .28
108.70 .25
123.20 .29
142.70 .31
162.10 -
170.50 -
14 SEPTEMBER 1981
Total Secchi
Diatoms Depth
(cells/m5,) (m)
558 1.50
930 1.70
2045 .90
1859 .60
558 .40
1487 .50
4648 .40
10597 .50
7808 .50
3718 .90
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RAPPAHANNOCK RIVER 01 OCTOBER 1981
Particulate Total Secchi
Station Silica Diatoms Depth
(km) (mg Si/i) (cells/m£) (m)
0.00 .11 1487 1.50
16.61 .08 1115 1.80
38.81 .15 1301 .70
57.79 . 16 1673 .50
73.68 .31 1487 .40
81.97 .27 1859 .40
90.16 .37 5577 .30
98.47 .38 5391 .40
108.70 .39 10039 .40
123.20 .37 10783 -
142.70 .86 11526 .70
162.10 .49 3346 .80
170.50 .07 1673 .80
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